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Abstract
Carbon nanotubes are a remarkable material with many appealing properties. Despite the
appeal of this material, there are few synthesis techniques capable of producing nanotubes in
large quantities at low-cost. The broad objective of this study was to examine the potential of
a premixed flame for the synthesis of carbon nanotubes with the view that flame synthesis
may prove a means of continuous production at low-cost. The specific approach focused on
the formation of metallic nanoparticles in flames; identification of nanotube formation zones,
time scales, and transition conditions; characterization of material properties; and the
development of a formation mechanism and associated flame-model.
Carbon nanotube formation requires a source of carbon, a source of heat and the presence
of metal particles. A fuel-rich flame is a high-temperature, carbon-rich environment and
addition of metal is likely to give conditions suitable for nanotube growth. This study
considered a premixed acetylene/oxygen/15 mol% argon flame doped with iron
pentacarbonyl (Fe(CO) 5) vapor (typically 6100 ppm), operated at 50 Torr pressure and 30
cm/s cold gas feed velocity. The flame was investigated with regard to the growth of metal
particles and subsequent formation and growth of carbon nanotubes.
Thermophoretic samples were extracted from the flame at various heights above burner
(HAB) and analyzed using transmission electron microscopy (TEM). HAB is representative
of residence time in the flame. Size distribution and number density data were extracted from
TEM images using a quantitative image analysis technique. The mean particle size for a
precursor concentration of 6100 ppm was observed to increase from around 2 to 4 nm
between 20 and 75 mm HAB. The particle number density results showed a decreasing
number density with increasing HAB, giving a complementary picture of the particle
dynamics in the flame.
Single-walled carbon nanotubes (SWNT) were also observed to form in the premixed
flame. Thermophoretic sampling and TEM analysis gave insight into nanotube formation
dynamics. Nanotube structures were observed to form as early as 30 mm HAB (20 ms) with
growth proceeding rapidly within the next 10 to 20 mm HAB. The growth-rate for the
nanotubes in this interval is estimated to be between 10 and 100 .Im per second. The upper
region of the flame (50 to 70 mm HAB; 35 to 53 ms) is dominated by tangled web structures
formed via the coalescence of individual nanotubes formed earlier in the flame. The nanotube
structures are exclusively single-walled with no multi-walled nanotubes observed in any of
the flame samples.
The effect of carbon availability on nanotube formation was tested by collecting samples
over a range of fuel equivalence ratios ( ) at fixed HAB. The morphology of the collected
material revealed a nanotube formation 'window' of 1.5 < < 1.9, with lower dominated
by discrete particles and higher 1 favoring soot-like structures. These results were also
verified using Raman spectroscopy. A clear trend of improved nanotube quality (number and
length of nanotubes) is observed at lower . More filaments were observed with increasing
concentration, however the length (and quality) of the nanotubes appeared higher at lower
concentrations. Gravimetric analysis of probe samples indicated that the yield of nanotubes
per unit of carbon fed to the flame was estimated as 0.1% (by mass), per unit of iron as 2.5%,
and per unit of Fe(CO)5 as 0.7%. No effort was made to optimize the yield and it is likely
that these values could be improved significantly.
Solid materials generated in the flame included metal particles, filamental carbon
structures and complex agglomerates exhibiting a soot-like morphology. Characterization of
the composition and structure of these materials was analyzed using TEM, Raman
spectroscopy, HPLC, STEM coupled with EDXS, and XRD. The single-walled nanotubes
ranged in diameter from 0.9 to 1.5 nm, which is smaller than commercially available
nanotubes synthesized using plasma-arc processes. The SWNTs were confirmed to occur in
bundles. The nanotube samples exhibited a strong metallic chirality (at 514.5 nm). Metallic
nanoparticles associated with nanotubes were between 5 to 10 nm and were composed of iron
oxides, indicating that Fe20 3 may be responsible for nanotube growth rather than elemental
iron. XRD analysis of the flame-generated material showed a dominance of elemental iron
and Fe3C with low quantities of Fe 20 3. This is consistent with the relatively low yield of
nanotubes per mass of iron fed to the flame and the 'formation window' dependence on
equivalence ratio and observation of improved nanotube quality as the level of oxygen (and
consequently Fe20 3) in the flame increases. These results indicate that it may be possible to
increase the yield of nanotubes by tailoring the synthesis of Fe20 3 particles.
Recommendations for flame configurations to achieve this are outlined in the document.
A new mechanism capable of describing the nanotube structures observed experimentally
is proposed. The interacting particle model (IPM) attributes the initiation of nanotube growth
to the physical interaction between catalyst particles. The IPM is consistent with many of the
dimer and dumbbell-like structures observed in the flame-produced material. The validity of
the model was evaluated with analysis of diffusion dynamics and a force analysis of particle
binding and separation. The IPM is discussed in relation to identifying the requirements and
best conditions to support nanotube growth.
A model was developed to describe the major flame processes contributing to nanotube
growth. A sectional description for particle growth was developed and adapted to be
compatible with Chemkin software format and coupled to mechanisms for gas-phase and
iron-compound chemistry. The flame model was validated against experimental particle size
and number density data. Although the model does not explicitly account for nanotube
growth, various aspects of nanotube growth were examined by considering the behavior of
particles in the flame. A method is presented for estimating the nanotube concentration.
Additional analysis revealed that the critical particle size required to form nanotubes is less
than 10 nm.
Operational advantages, potential for greatly improved synthesis performance beyond
levels reported in this study, and clear opportunity for low-cost production make flame
synthesis an appealing technique. Flame synthesis does indeed offer great promise as a
process capable of economically competitive, continuous, large-scale production of carbon
nanotubes and warrants further investigation and development.
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1 Introduction
1.1 Background
Carbon is a fascinating material. Not only is it an essential element to all living
organisms, it plays a central role in the materials and processes used throughout human
endeavors. In its pure form, carbon exhibits a variety of structural configurations. Perhaps
the oldest and arguably most recognized form is diamond, which has been prized by
mankind for its hardness and beauty for many thousands of years. Another commonly
recognized form is graphite, a material valued for its lubrication and electrical properties.
Diamond and graphite are commonly recognized forms of pure carbon, however in
the last two decades the discovery of new carbon structures has sparked a frenzy of
research activity. In 1985, Kroto and coworkers (1) reported the discovery of a
'soccerball' shaped molecule composed of 60 carbon atoms (C60) and consequent
discoveries heralded a family of fullerenic carbon nanostructures including C70, C84 and
higher fullerenes along with fullerenic onion structures. In 1991, Iijima (2) discovered
multi-walled tubular structures. This observation, and the discovery of single-walled
structures by Iijima in 1993 (3) opened the door to a new structural class that are referred
to as carbon nanotubes.
Diamond CDmon Buckminsterfulerene
Graphite Nanotube
Figure 1-1. Various structural forms of pure carbon (adapted from (4)).
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1.2 Structure & properties of nanotubes
The term nanotube implies a tubular structure of nanoscale dimensions. More
formally, there are essentially four categories that define the structure of nanotubes.
1. Single or multiwalled: Nanotubes can be considered as a graphitic plane rolled to
form a cylinder. There are two main classes of carbon nanotubes. A single-walled
nanotube (SWNT) is a single graphitic layer of atomic carbon in the form of a tube.
Multi-walled nanotubes (MWNT) consist of multiple layers arranged concentrically
about a common axis. Double-walled nanotubes (DWNT) (5) are occasionally
described as a distinct class, however they can be considered as the smallest
category of MWNT.
2. Diameter: Single-wall nanotubes have diameters of order Inm. Typical diameters
span from 0.7 nm (the diameter of C60) through to around 3 nm. The smallest
observed nanotube diameter is 0.4 nm (4 A) (6,7). The diameter of multi-walled
nanotubes varies between around 1 nm up to 100 nm.
3. Aspect ratio: One of the most striking properties of nanotubes is the disparity in
their dimensions. The length of nanotubes can extend to order of microns and more,
giving an aspect ratio (length to diameter) of 1000 to 1. The longest nanotubes
reported to date are 20 cm (8), giving an aspect ratio of 2 x 108 to 1.
4. Chirality: The chirality of a nanotube refers to the 'twist' in the graphitic layer
that makes up the tube wall. Certain chiralities can give metallic conduction while
others are semiconductive. The chirality of a nanotube can be described uniquely by
two indices (n,m). By folding a graphene sheet into a cylinder so that the beginning
and end of a (n,m) lattice vector in the graphene plane join together, one obtains an





Figure 1-2. Illustrations of single-walled carbon nanotube structures. A graphite layer
rolled to form a cylinder with hemispherical end-caps is evident from the diagrams, as is a
degree of 'twist' in the structure indicative of the chirality property.





Figure 1-3. A) Diagram of chirality lattice indices (9) B) Resulting structures from rolling
graphene along different directions (10).




The unique structure of carbon nanotubes gives rise to many appealing properties
that essentially fall into three categories.
1. Electrical: Semiconducting or metallic conductive behavior.
2. Mechanical: Very high tensile strength (100x steel). High thermal stability and
thermal conductivity.
3. Chemical: Extremely high surface area. Biological interface affinity.
These properties open up a diverse range of potential applications for carbon
nanotubes (11,12) including mechanical actuators, sensors, composites, electronics,
biocompatability, hydrogen storage, adsorption, and catalysis.
1.3.1 Actuators
Mechanical actuators directly convert electrical energy to mechanical energy via a
material response. Actuators are important for a wide range of applications such as
robotics, optical fiber switches, optical displays, prosthetic devices, sonar projectors, and
microscopic pumps (13). Actuators also offer potential for means of converting
mechanical energy to electricity for applications such as capturing wave energy. The high
surface area and electrical properties of single-wall carbon nanotubes make them an
appealing material for use in actuator devices. Baughman et al. (13) used sheets of
nanotube material to demonstrate electromechanical actuation properties of nanotubes.
Landi et al. (14) formed composite films based on Nafion polymer doped with single-
wall nanotubes and observed good electromechanical performance. Carbon nanotubes are
an appealing material for use in electro-mechanical devices.
1.3.2 Sensors
The unique electrical and chemical properties of carbon nanotubes open up many
opportunities for sensor applications (15). A number of investigators have demonstrated
gas sensing capability of nanotube based devices. Varghese et al. (16) used multi-walled
carbon nanotubes and an electrical impedance method to detect humidity, ammonia,
carbon monoxide, and carbon dioxide. Adu et al. (17) measured the adsorption of He, N2
and H2 on tangled mats of single-walled nanotube bundles by heating the mats in the
presence of the gases and measuring a voltage difference across the mat to give a thermo-
electric power. Kong et al. (18) demonstrated the sensitivity and reversibility of
palladium doped single-walled nanotubes to the presence of hydrogen based on a simple
conductance measurement. Collins et al. (19) measured the response of conductance,
thermoelectric power, and local density of states for single-walled nanotubes in the
presence of oxygen and found that not only can nanotubes be useful as sensors, but the
exposure of the material to oxygen can vary the electronic properties of the material.
Nanotubes may also find potential utility on pressure and strain related sensing devices.
Wood et al. (20,21) measured the Raman spectra of single-walled nanotubes in a wide
range of pressures and demonstrated that the electronic properties are sensitive to the
imposed pressure. In an intriguing variation on this principle, Zhao et al. (22,23)
measured the variation in Raman spectra for single-walled nanotubes dispersed within a
polymer matrix and successfully observed relationships between the spectra and macro-
level mechanical stresses within the matrix. An interesting example of this technique
involved mapping the strain field around a single glass fiber (23). Sensor applications
draw upon the cross-over between the electrical and chemical properties of nanotubes,
and there is conceivably much opportunity for sensing devices, particularly those that
target biological interactions with nanotubes.
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Figure 1-4. Gas sensing device utilizing a carbon nanotube composite active layer (16).
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1.3.3 Composites
Single-walled carbon nanotubes have very high tensile strength, analogous to the in-
plane strength of graphite (1000 GPa), and a specific strength of order 100 times that of
steel (24). Composite materials employing nanotubes as an additive can potentially draw
on the inherent strength of the nanotube structure to give improved strength performance
for the composite material overall. There are two main issues that have hindered the
effectiveness of nanotube composites:
Firstly, the nanotubes tend not to bind strongly with the parent material as the
graphite-like wall of the tubes do not chemically bond with the surrounding structure. In
recent efforts this has been addressed by functionalizing the nanotube walls or end caps
to impart a degree of 'anchoring' to increase affinity with the parent material (25).
Functionalizing in this way is likely to improve the binding strength yet the inherent
strength of the graphite tube wall may be compromised by the defects and functionalized
bonds.
Secondly, it is often difficult to disperse nanotubes within a composite matrix (26).
Single-walled nanotubes in particular tend to remain in bundles and clusters rather than
dispersing evenly throughout a composite. Currently there is a great deal of effort in the
field, examining ways to break bundles into discrete single-walled nanotubes and this
remains an unresolved challenge. Despite these difficulties, the field of carbon nanotube
based composites has many interesting achievements. A concise review of the
mechanical properties of carbon nanotubes is given by Salvetat-Delmotte (27).
Thostenson et al. (28) and Lau et al. (29) each give a good review of nanotube
composites.
1.3.4 Biocompatability
Carbon nanotubes are finding increasing utility in biology related applications
including sensors, drug delivery, enzyme immobilization and DNA transfection (30).
Carbon nanotubes have a physical dimension on the order of that of biologically active
macromolecules such as proteins and DNA. The similarity of their sizes, coupled with the
chemical and electrical properties of nanotubes gives the possibility of many interesting
functional devices based on nanotubes. Shim et al. (31) describe the use of functionalized
carbon nanotubes for adsorption of proteins (streptavidin/biotin) on the sides of
nanotubes. Guo et el. (32) report the affinity of DNA to the sides of nanotubes. DNA-
nanotube composite films are reported by Wang et al. (33) and Matyshevska et al. (34).
Sano et al. (35) have synthesized hollow nanotube cages that may be interesting
candidates for drug delivery applications. There appears to be significant potential for
biological applications of carbon nanotubes, particularly in the area of sensors.
1.3.5 Electronics
Carbon nanotubes possess many interesting structural and electronic properties
(metallic or semiconducting) that could lead to numerous applications in the area of
electronics (36). One of the first commercial applications that will likely feature carbon
nanotubes is the area of flat panel displays. These displays use vertically grown arrays of
nanotubes as field emitters that project electrons onto phosphorescent pixels (37,38).
More complex devices such as transistors and logic devices can be constructed using
nanotubes and may contribute to electronic devices on a much smaller length scale (39-
42). Indeed, one of the smallest devices is described by Collins et al. (43) where a logic
device is made of a single nanotube with a transition between chiralities present along its
length. Papadopoulos et al. (44) describe the use of nanotube arrays for a variety of
electronics applications ranging from data storage, displays, and sensors through to
smaller computing devices. The high electron-affinity of fullerenes and carbon nanotubes
makes them a useful additive material for polymer based solar photovoltaic devices (45-
47) where the nanotubes serve to draw away electrons upon photon induced charge
separation within the device. Other electronic related applications for nanotubes include
supercapacitors (48), batteries (49) and STM probe tips (11).
1.3.6 Hydrogen storage & surface adsorption
The narrow dimensions and accompanying high surface area and low weight of
carbon nanotubes gives the possibility of storing large quantities of gases on these
structures (50-52). One application of particular interest is hydrogen storage for
transportation applications where an economical and safe hydrogen-storage medium is
critically needed for hydrogen-fueled vehicles (53,54). Hydrogen storage technologies
span compressed or liquefied storage containment, metal hydrides, chemical storage, or
gas-on-solid adsorption. The United States Department of Energy (DOE) has set target
energy storage densities of 6.5 wt% and 62 kg H2/m3. A comparison of current hydrogen
storage methods relative to the density targets is shown in Figure 1-5.
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Figure 1-5. Comparison of energy densities for various hydrogen storage technologies (50).
An excellent coverage of the history of hydrogen storage on carbon structures is
given by Dillon et al. (51) and Dresselhaus et al. (53). Very high hydrogen storage
capacities on carbon nanofibers were reported by Rodriguez and coworkers in 1998 (55).
The reported capacities of 11 to 68 wt% H2 sparked intense interest and many studies into
the capacity of carbon materials. The reported capacities were not reproduced by
independent studies and further analysis has shown that these values are physically
impossible on a molecular scale (51,53). Dillon and co-workers have reported hydrogen
storage capacities on single-walled carbon nanotubes of between 5 and 10 wt% (56) and
other groups have also reported values within this range (57,58). A summary of reported
hydrogen storage capacities is summarized in Table 1-1.
However, there is some literature in the field which is openly skeptical about the
hydrogen uptake capacity of carbon nanotubes. Hirscher and coworkers (59) pointed out
that the hydrogen storage capacity of carbon nanotubes may in part be attributed to the
absorption of hydrogen in titanium particles from the sonication probe deposited on the
tubes during material preparation and that stainless steel sonication tips led to low
hydrogen capacities. Dillon and coworkers (51) acknowledge the role of titanium in
mediating hydrogen uptake but have reportedly shown that high uptake capacities remain
possible. Tibbetts et al. (60) were unable to measure hydrogen uptake on carbon
nanotubes greater than 1 wt%, and deemed the material similar in behavior to graphite.
The range of hydrogen storage capacities for carbon nanotubes reported in the
literature now lies in the range of 0 to 10 wt%. This remains a controversial field that has
suffered from inconsistent results, often poor material preparation and ambiguous
characterization. Despite the controversy, it appears that carbon nanotubes do have
potential to store hydrogen and may offer promise as a storage medium if the factors
leading the high hydrogen uptake can be identified consistently.
Table 1-1. Hydrogen storage capacity of various carbon materials (adapted from (53)). GNF
refers to Graphite Nano-Fibers, SWNT refers to single-walled nanotubes.
Material Max wt% H2:C T (K) P (Mpa) Source
SWNT (low purity) 5 - 10 0.32 133 0.04 (50)
SWNT (high purity) -4 0.25 300 0.04 (61)
GNFs (tubular) 11.26 0.76 298 11.35 (55)
GNFs (herringbone) 67.55 12.49 298 11.35 (55)
GNFs (platelet) 53.68 6.95 298 11.35 (55)
Graphite 4.52 0.28 298 11.35 (55)
GNFs 0.4 0.02 298-773 0.101 (62)
Li-GNFs 20 1.50 -473- 0.101 (62)
Li-Graphite 14 0.98 -473- 0.101 (62)
K-GNFs 14 0.98 <313 0.101 (62)
K-Graphite 5 0.32 <313 0.101 (62)
SWNT (high purity) 8.25 0.54 80 7.18 (57)
SWNT (-50% pure) 4.2 0.26 300 10.1 (53)
Graphite flakes 0.018 0.001 296 3.6 (60)
Activated carbon 0.041 0.002 296 3.6 (60)
MER nanotubes 0.028 0.002 296 3.6 (60)
Rice nanotubes 0.050 0.003 296 3.6 (60)
MWNT 8.0 0.52 298 0.101 (63)
Ball milled graphitic carbon 0.6 0.04 77 5.03 (64)
The interesting surface and chemical properties of nanotubes, coupled with their
extremely high surface area makes them an attractive material for a variety of other
adsorption applications. Li and coworkers (65,66) describe the adsorption of lead ions
and fluoride from water, revealing some interesting interactions between ions in solution
and the surface of nanotubes. This is further illustrated by the work of Choi et al. (67)
where platinum and gold ions in solution are observed to spontaneously reduce on the
walls of nanotubes to form solid particles of the parent metal, offering potential for
opportunities in desalination and waste treatment applications. Applications for gas
treatment also have potential, as illustrated by the work of Mangun et al. (68) where they
observed SO 2 adsorption on ammonia treated nanofibers. Long and Yang (69) reported
that nanotubes have remarkable adsorption properties for dioxin molecules, a potentially
very interesting application for gas treatment.
1.3.7 Catalysis
The high surface area and structural properties of carbon nanotubes makes them an
appealing material for catalysis applications. For example, Muradov (70) has examined
the catalysis of methane decomposition over carbon nanotubes (and other carbon
substrates) with the view of using such a process for hydrogen generation. A number of
other studies have been performed using nanotubes as a support for metallic catalyst
particles. Li et al. (71) deposited platinum particles (2 to 4 nm diameter) on multi-walled
carbon nanotubes for use as a cathode in a methanol fuel cell. In another methanol fuel
cell related application, Rajesh et al. (72) describe the deposition of platinum-tungsten
oxide particles on multi-walled nanotubes. Similarly, Chen et al. (73) deposited
ruthenium particles, impregnated with a variety of alkali metals, on multi-walled
nanotubes for application in ammonia synthesis. Another application where carbon
nanotubes can serve as effective catalyst supports is in Fischer-Tropsch synthesis (74).
The key property for catalytic applications is the high surface area of the nanotubes.
1.4 Carbon nanotube formation mechanism
The formation of carbon nanotubes requires three basic components (75):
1. A source of carbon
2. A source of heat
3. The presence of certain metals
The nature of the interaction between these components is described by a
dissociation-diffusion-precipitation model (also referred to as the carbon solvation-
diffusion-precipitation model (76)). Carbon bearing compounds such as carbon monoxide
and hydrocarbons catalytically dissociate on the surface of the metal catalyst, depositing
elemental carbon. The carbon atoms then diffuse through the metal to the opposite side of
the particle where the carbon precipitates in the form of a tubular graphitic structure
(Figure 1-6). Two manifestations of this model that are commonly observed in substrate
based methods are the root (extrusion) growth model (Figure 1-6B) and the tip growth
model (Figure 1-6C), each describing the relative position of the metal particle.











Figure 1-6. Illustration of the nanotube formation mechanism showing the consecutive
dissociation(l), diffusion(2), precipitation(3) steps. The insert graphic shows the i) Root and
ii) tip growth configurations.
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The metal is often referred to as a 'catalyst' for nanotube growth, and while the
metal surface certainly furnishes catalytic activity, the role of the metal is much more
than that. The nanotube formation mechanism relies on a diffusive pathway and so the
metal has a critical role, both chemically and physically. The metal has a templating
influence in the sense that carbon emerges from the metal body, precipitating in tubular
form as it extrudes from the internal structure of the metal. The three most common and
effective metals for nanotube synthesis appear to be iron, nickel and cobalt (77) although
other metals and mixtures have also been identified. The presence of metals is a
necessary but not sufficient condition to forming single-walled nanotubes (78), however
multi-walled nanotubes can be formed without metals (7). There are most likely many
pathways that are capable of forming nanotubes, however the metal mediated pathway is
particularly efficient and selective.
Nanotube synthesis is relatively insensitive to the source of carbon, with compounds
ranging from carbon monoxide to hydrocarbons and alcohols successfully used as carbon
sources. Hydrocarbon species undergo catalytic pyrolysis on the metal surface to deposit
carbon, whereas carbon monoxide is believed to dissociate via catalytic
disproportionation (Boudouard reaction) (79) (Equation 1-1).
CO + CO > C(S) + CO 2  (1-1)
The metal particle essentially serves as a conduit and template to convert carbon
from gaseous form to solid-phase tubular structures. Nanotube formation is sensitive to
temperature in terms of the catalytic reactions and also the diffusivity of the carbon in the
metal, and so the system requires a heat source. The formation mechanism presented
above is generally accepted in the nanotube field as capturing the main principles of the
growth process. Even so, there are a number of questions that are immediately apparent,
such as: What initiates the process? What is the driving force for the diffusion? How is
the nanotube stabilized as it precipitates from the metal? What terminates the growth
process? And so on. There are many aspects of the mechanism that remain a rich field of
inquiry. Aspects of nanotube formation mechanisms are discussed in more detail in
Chapter 7.
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1.5 Synthesis techniques
A range of synthesis techniques have been developed for the formation of carbon
nanotubes. The first method used to synthesize carbon nanotubes was a plasma-arc
process similar to the Kratschmer-Huffman method used for fullerene formation, with the
nanotubes being formed within the electrode (2). Other techniques discovered since then
include laser ablation, chemical vapor deposition (CVD), flames, and a number of
specialty techniques.
1.5.1 Plasma-arc
Plasma-arc techniques have found wide use for fullerene formation following the
pioneering work of Kratschmer et al. (80). A plasma is generated from an electric
discharge between two graphite electrodes contained in a chamber with gas at a
controlled pressure and composition. The discharge vaporizes the carbon leading to a
plasma in the region surrounding the arc discharge. A schematic of the plasma-arc
technique is shown in Figure 1-7. Typical operating conditions include voltages around





Figure 1-7. Schematic diagram of the plasma-arc process used for nanotube synthesis.
In 1991, Iijima (2) observed multi-walled nanotubes within the cathode core after
running a plasma-arc experiment, and in 1993 Iijima and Ichihashi (3) synthesized single-
walled nanotubes in an argon/methane gas-phase after placing iron in the carbon cathode.
In 1993, Bethune et al. (78) also report similar findings for electrodes doped with iron,
nickel and cobalt. Variations on the plasma-arc process have included specialized bowl
shaped cathodes (81) to generate 'super-bundles' of single walled nanotubes; rotating
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cathode designs (82); and operating the arc-discharge immersed in water (83).
Specialized systems using different carbon sources have also been reported, including
studies using coal for the electrodes (84-86), and other techniques based on gas-phase
plasma-discharges acting directly on hydrocarbons such as benzene (87).
Although plasma-arc methods represent the historic foundation process for forming
nanotubes, they are unlikely to emerge as a favored route for production of large (tonnage
level) quantities of nanotubes for a number of reasons. The plasma-arc process is
discontinuous and requires significant attention between batches. Furthermore, it can be
unstable due to variations in electrode spacing, associated variations in electric field, and
generally high levels of impurities. While electric fields may play an important role in
influencing nanotube growth, the function of supplying thermal energy to the system can,
in principle, be achieved by more efficient means.
1.5.2 Laser synthesis
Techniques using lasers have emerged as a promising means of generating high
quality single-walled carbon nanotubes with low levels of impurities. The techniques are
generally based on illuminating a carbon target with laser light of various power and
pulse frequency. The targets are typically carbon discs doped with various mixtures of
catalyst metal. The target is typically housed in a reactor tube placed in a furnace for
temperature control. Laser based techniques are variously described as laser ablation,
vaporization or pyrolysis, depending on the intensity and duration of the laser. A
schematic of the laser based technique is shown in Figure 1-8.





Arge 1-8. Generalized schematic diagram of the laser synthesis technique.
Figure 1-8. Generalized schematic diagram of the laser synthesis technique.
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The use of laser vaporization for the synthesis of single-walled carbon nanotubes
was first reported by Guo et al. (88) who used a furnace temperature of 1200 "C, and
tested a variety of metal dopants in pressed-disc graphite targets. This technique has been
elaborated on by Thess et al. (89) and Gennett et al. (90) to produce very high quality
single-walled nanotube material (Figure 1-9). Other studies that have used laser synthesis
techniques include Yudasaka et al. (91) and Eklund et al. (92). The later study used a
novel rotating target configuration to obtain improved control of the vaporization process.
Figure 1-9. Transmission electron micrograph showing a cross-section of a bundle of single-
walled carbon nanotubes (89).
The laser-based techniques generate high-quality, single-walled carbon nanotubes in
high yields. The laser method is a continuous process and allows good control of
vaporization and synthesis conditions thereby overcoming many of the issues associated
with plasma-arc methods. Lasers are an expensive energy source for vaporization and
they do have scale-up issues; consequently, they may not be an optimal choice for large-
scale synthesis.
1.5.3 Chemical vapor deposition (CVD)
Chemical vapor deposition (CVD) is a well established technique for growing
materials from the gas-phase onto solid substrates and has been used extensively in the
microelectronics industry. A number of CVD inspired techniques have been
demonstrated for synthesis of both single-walled and multi-walled carbon nanotubes. The
CVD technique (sometimes referred to as pyrolysis) has generated significant interest in
the nanotube field for its simplicity, high yields, and potential for the synthesis of high
quality material. CVD techniques for nanotube synthesis generally supply a gaseous
carbon-source into a reactor unit surrounded by an external heat source in the form of a
furnace. There are two main classes for CVD techniques used for nanotube synthesis with
the main distinction being the method for introducing the metal catalyst into the system.
The two CVD classes are referred to as surface deposition and floating catalyst
techniques.
Surface deposition: For surface deposition CVD techniques, the metal catalyst is
deposited on a substrate inside the reactor (generally directly on the reactor wall) prior to
nanotube growth occurring (Figure 1-10). The metal particles can be prepared externally
and then applied to the reactor surface or can be generated in-situ. Quartz is the most
common substrate reported in the literature, although glass (93), silica (94) and silicon
carbide (95) have also been reported. Temperatures for this method are generally in the
range of 600 to 1100 OC. The surface deposition technique generally favors the formation
of multi-walled nanotubes (96,97), although single-walled nanotubes have been reported
for carefully chosen catalyst and gas-phase compositions (98,99). Hornyak and
coworkers (98) report the formation of single-walled nanotubes in a well defined
temperature window of 650 to 850 'C using CH 4 as the feed gas and externally prepared
Fe/Mo catalyst particles. Colomer et al. (99) report the formation of single-walled
nanotubes at a temperature of 1000 oC using a Co/MgO catalyst also in CH 4. Colomer
and coworkers also compare their SWNT material with plasma-arc generated material
and find larger diameters and more semiconducting nanotubes in the CVD material.
Some interesting variations on the surface deposition CVD technique include the
synthesis of MWNTs using sulfur containing liquefied petroleum gas (LPG) as an
inexpensive carbon source material (100) and the synthesis of highly pure SWNTs at low
temperature (550 'C) using alcohol vapor as the carbon source. An appealing feature of
surface deposition CVD is that this method is capable of generating well-aligned and
uniform mats of nanotubes on the substrate. A disadvantage is that the surface deposition
is surface area limited and a discontinuous process with associated scaling difficulties.
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Figure 1-10. General schematic of the surface deposition CVD technique. Inset shows
catalyst particles deposited on the reactor substrate.
Floating catalyst: The floating catalyst technique (also referred to as the aerosol
injection method) introduces the metal catalyst into the reactor in the form of a precursor
agent or compound that rapidly forms the catalyst particles that support nanotube growth.
The key distinction from the surface deposition approach is that the nanotubes form in the
gas-phase, hence the term 'floating' catalyst (Figure 1-11). The catalyst precursor is
generally of a form that can be vaporized relatively easily such as metal carbonyls (eg.
Fe(CO) 5) or metallocene compounds (eg. Fe(CsHs)2), although metal salt solutions (101)
and colloidal solutions (102) have also been used successfully.
Cheng et al. (103) report the formation of single-walled nanotubes using ferrocene
vapor as the catalyst precursor, benzene vapor as the carbon source, and a furnace
temperature of 1100 to 1200 "C. A sulfur-containing additive (thiophene) was added in
low concentration to enhance SWNT formation. Satishkumar and coworkers (104)
describe the formation of SWNTs using a similar technique using a variety of
metallocenes and Fe(COs) as catalyst precursors, acetylene as the carbon source, and a
temperature of 1100 "C. Zhu et al. (8) describe a floating catalyst method operated under
carefully selected conditions capable of forming very long nanotubes (-20 cm) and have
also reported a related technique capable of synthesizing double-walled nanotubes (5).
An interesting variation of the CVD technique is the hot wire method that has been
demonstrated to produce both single and multi-walled nanotubes (105).
The high-pressure carbon monoxide (HiPCO) process developed by Nikolaev and
coworkers (79) is a floating catalyst technique that attempts to avoid the pyrolysis
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contaminants from hydrocarbons by using carbon monoxide as the gaseous carbon
source. The HiPCO process uses Fe(CO) 5 vapor as the catalyst precursor and a
specialized mixing injector to give rapid heating and dissociation of the precursor within
the externally heated reactor tube. An additional feature of the HiPCO process is the use
of high pressures to increase the rate of CO disproportionation and consequent
availability of solid carbon for nanotube growth. High quality single-walled nanotubes
are produced using this process and the gas-phase synthesis allows continuous processing





Figure 1-11. Generalized diagram of the floating catalyst CVD technique.
1.5.4 Flame synthesis
Each of the synthesis techniques described so far have employed external heating of
some nature - electricity for the plasma-arc process, laser light and an electric furnace for
laser synthesis techniques, and an electric furnace for the CVD techniques. Flame
synthesis offers the advantage of generating the temperatures necessary for nanotube
formation by virtue of the combustion environment. There have been a number of
reported observations of nanotubes and filamental carbon structures within flame
systems. Perhaps the earliest observation of intriguing tube-like structures in flames is
reported by Singer (106) in the 1950s and within the last decade there have been
occasional reports of nanotube structures (107-114). These observations are typically
reported as curiosities and largely serendipitous in nature. In recent years Saito et al.
(111,112), and Vander Wal et al. (76,114-121)have independently made more detailed
studies of nanotube formation in flames. Details of the literature relating to flame
synthesis of nanotubes are discussed in Chapter 5.
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1.5.5 Miscellaneous Synthesis
While much of the nanotube literature has focused on plasma-arc, laser, and CVD
synthesis techniques, a number of novel processes have also been developed. These
techniques generally describe alternative means of introducing a catalyst metal to the
system, the use of a unique carbon source, or a new configuration for supplying heat to
the system. Nanotube structures can also be formed from elements other than carbon.
Nath and Rao (122) report the synthesis of metal disulfide nanotubes and boron-nitride
nanotubes have also been synthesized by Goldberg et al. (123).
Fluidized bed techniques are used widely in industry and have been proposed as a
means to scale-up nanotube synthesis (124-126). In these studies, the metal catalyst is
supported on substrate particles that are fluidized by a hot, hydrocarbon gas stream. This
is essentially a variation on the surface deposition CVD technique but has the advantage
of better control of the solid material and potential scale-up, although it appears suitable
only for MWNT synthesis.
A ball milling technique has been reported by Chen et al. (127) where they observe
the formation of MWNTs after intense ball milling of metal doped graphite for a period
of hours. The ball milling technique is unique in the means of delivering energy for
nanotube synthesis through the kinetic energy of the balls (at ambient temperature).
Another unique means of supplying energy to the system is demonstrated by the molten-
salt method (128,129).
An appealing alternative for supplying thermal energy to the system is the use of
direct solar-radiation (130,131). Multi-walled nanotubes have also been grown in a
heated and pressurized liquid environment, by simply combining metal particles with a
liquid hydrocarbon (132,133) or by a carbon source suspended in water (134). Nanotubes
have recently been found in sediment from an oil well (135), indicating that this material
may form under certain geological conditions also.
A method for MWNT synthesis based on electrical heating of carbon paper that has
been doped with catalyst particles has been demonstrated by Smiljanic et al. (136). A
variety of template based growth methods have been reported in the literature and are a
variation of the surface deposition CVD method. The template approach can use porous
cavities in a surface to constrain the diameter and direction of nanotube growth (137-
139), while surface templating methods can also allow the growth of complex patterns
such as those demonstrated by Yang et al. (140). A variation of the surface templating
technique has also used an alternative source of carbon in the form of C60 fullerenes
(141,142).
While it is generally accepted that metals are an essential component required for
nanotube growth, there have been a number of studies that have reported nanotubes that
have formed without the presence of a metal. For example, Sun et al. (143) observed
nanotube-like scrolls to form spontaneously on a highly ordered poly-graphite (HOPG)
surface via a folding mechanism of the surface layer. Derycke et al. (144) report the
presence of nanotubes on a SiC surface annealed in vacuum without the presence of
metals. These techniques are unlikely to be of interest for large-scale synthesis of
nanotubes, however they indicate that there may be other nanotube formation pathways
than those relying on the presence of metal catalysts.
1.6 Purification & Separation
The properties of carbon nanotubes are certainly very appealing for many possible
applications. However, nanotubes are consistently synthesized with a range of diameters,
chiralities, and lengths, and therefore remain a difficult material to process to a pure form
with selected homogenous properties.
1.6.1 Purification
As-produced carbon nanotubes generally contain two types of impurities - metal
particles and amorphous (disordered or non-incorporated) carbon. An ideal purification
process would remove all traces of metal and amorphous carbon with no degradation of
the nanotube quality. A number of techniques have been developed that achieve
purification by oxidative pathways. The two main techniques use concentrated reagents
or gaseous reactants. Liquid reagents are particularly successful at removing metal
contaminants and have varying success at removing amorphous carbon too. Techniques
reported in the literature include concentrated HCI (145-147), HF (148) and HNO 3
(149,150). Each of these techniques also employ ultrasonication simultaneously to
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enhance the oxidative process. Oxidation of the amorphous carbon has also been
achieved using KMnO4, H20 2, 03, and HC10 4 (151).
Gas-phase oxidation is a technique that allows rapid consumption of amorphous
carbon impurities but does not remove metal contaminants. Direct oxidation in air at
temperatures above 500 'C results in vigorous consumption of the amorphous carbon but
is not very selective and can uncontrollably consume the nanotubes (152,153). Much of
the focus of gaseous oxidation research has aimed at tempering the oxidation by using
different oxidants and/or lower temperatures. Tsang et al. (154) successfully used carbon
dioxide at 850 "C to selectively remove amorphous carbon, a mild oxidation process
believed to proceed via reverse disproportionation (reverse Boudouard reaction) to form
carbon monoxide. Jeong and coworkers (155) achieved excellent purification and high
yields by using a mixture of H2S and 02 at 500 OC (Figure 1-12). An H20 plasma-etching
technique, developed by Huang et al. (156) has also been found to give good purification
performance on aligned MWNT mats. The most effective purification techniques use a
sequence of steps using a liquid oxidation to remove metals followed by a gas-phase
oxidation step to remove extraneous or non-incorporated carbon.
Figure 1-12. Nanotube material before (A) and after (B) acid treatment and H2S-0 2
purification (155).
A particularly novel method of mechanical purification uses sonication in the
presence of a solution of nanoparticles and a magnetic field to remove iron impurities
(157). A range of studies have also been performed using thermal gravimetric analysis
(TGA) to investigate the temperature dependence of gaseous oxidation (158-160).
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Yudasaka and coworkers describe a very interesting technique for the selective
removal of certain nanotube diameters by solution oxidation in H20 2 while irradiated at
wavelengths corresponding to a selected resonant vibrational mode (Raman breathing
mode) which is discussed in more detail in Chapter 6 (161).
1.6.2 Separation
Separation in the context of carbon nanotubes can mean many things. There can be
specific features that one may wish to emphasize in a separation process, including
nanotube diameter, length, and chirality. Unfortunately, nanotubes tend to be very
difficult to separate. Even after purification, the resultant material tends to be tangled and
knotted in complex scaffolds. An additional constraint is the inert nature of the graphitic
nanotube walls that makes it difficult to impose separating influence from chemical or
physical vectors. A method for direct separation of nanotubes in-situ directly after their
formation would avoid many of these issues, likewise a means of selectively synthesizing
tubes of well-defined properties in the first instance would be ideal. To separate
nanotubes from as-produced material, three general processing steps are required: 1)
cutting of nanotubes; 2) functionalization and solubilization; 3) separation and sorting.
Ultrasonication is often used to cut carbon nanotubes into segments of several
hundred nanometers by sonication of as-generated material in a concentrated acid
solution (162). The apparent cutting mechanism is the localized high temperatures and
related chemical attack in the cavitating liquid adjacent to the tube walls (163).
Functionalizing of the nanotube wall is often desired in order to impart chemical
properties to the wall that can enable solubilization and can also be exploited for property
specific separation in later steps. The graphitic walls of nanotubes are extremely stable
and very resistant to chemical attack and so it is often necessary to introduce defects into
the tube wall before functional groups can be attached. Sonication is once again a widely
used technique to introduce defects (164,165) although other techniques based on
ozonolysis (166) and electrolysis (167) have been demonstrated. There are many
functionalization chemistries reported in the literature, but typical pathways include
amidation (168), fluorination (169,170) and various reactions with carboxylate groups on
the tube walls (171). Functionalization based on surface adsorption have also been
demonstrated using various long-chain polymers such as amylose starch (172) and
glucosamine (173,174). With appropriate functionalization, it is possible to make
nanotubes soluble in water (175,176).
Once the individual nanotubes are available in solution, a variety of separation
techniques become accessible. A separation method for length sorting of single-walled
nanotubes has been reported by Farkas et al. (177) based on high performance liquid
chromatography principles. Capillary electrophoresis has also been demonstrated as a
length-sorting method by Doom and coworkers (178). Techniques for separating
different chiralities are highly sought after, yet remain largely undeveloped.
Chattopadhyay et al. (179) report a route for chirality separation based on selective
functionalization and precipitation, while Wang et al. (180) report selective adsorption of
peptides to various chiralities. Gao et al. (181) observed functionalized nanotubes to form
crystals in toluene which may present an additional separation route. To sum up, much
remains to be done to develop effective separation techniques for carbon nanotubes.
1.7 Summary
Carbon nanotubes are a material with several important structure-specific properties
which lead to many diverse application opportunities. The key structural properties that
define nanotubes are diameters of nanometer order; single or multiple walled; high aspect
ratio; and chirality. Nanotubes have many appealing properties in electrical, mechanical
and chemical domains, and have potential to be used in many promising applications
such as actuators, sensors, high strength composites, biocompatibility, catalysis, gas
storage, and electronics. Three components are generally required for nanotubes synthesis
- carbon, heat, and the presence of certain catalyst metals. Synthesis techniques for
nanotubes include plasma-arc, laser vaporization, and chemical vapor deposition.
Purification of the nanotubes is generally achieved via oxidative pathways while
separation techniques include tube cutting, functionalization and chromatographic
methods. The nanotube field is a diverse and rich area of research, with many
fundamental questions remaining to be investigated and discoveries to be made.
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2 Objectives & Approach
Carbon nanotubes are a remarkable material. While the properties of carbon
nanotubes have been quite well characterized, and many potential applications identified,
there are few synthesis techniques that are capable of producing nanotubes in large
quantities at low-cost.
Combustion based processes have been used over many decades for synthesis of
materials such as carbon black, titania, and fumed silica. Furthermore, combustion
processes are readily scaleable. The broad objective of this study was to examine the
potential of a premixed flame to synthesize carbon nanotubes with the view that flame
synthesis may provide a means of continuous nanotube production at low-cost.
The premixed flame was chosen as an ideal system for use in the interrogation of
fundamental aspects of nanotube synthesis. The study aimed to gain resolution of
nanotube synthesis dynamics, the influence of combustion environment conditions, and
to develop a mechanistic understanding of underlying processes leading to nanotube
formation. The specific approach is outlined as follows:
1. Characterize formation of metallic nanoparticles in flames: Measure the size
evolution and composition of metallic particles synthesized in a premixed flame
doped with an organometallic compound.
2. Identify nanotube formation zone & time scales: Characterize nanotube formation
in a premixed flame relative to flame position and associated residence time as a
means to investigate formation dynamics.
3. Identify transition conditions for nanotube formation: Vary key combustion
parameters to examine the influence of the flame environment on nanotube formation.
4. Examine structure of flame generated material: Characterize the material
properties of flame generated particles and nanotubes.
5. Develop formation mechanism & model: Rationalize observations of system
behavior and develop mechanistic explanation and flame model.
3 Experimental
3.1 Overview
A premixed acetylene/oxygen/argon flame formed the basis of this study. Argon
dilution of 15 to 20 molar percent, cold gas feed velocity of 30 cm/s, and burner pressure
of 50 Torr were used throughout the experiments. A variety of fuel equivalence ratios
(molar ratio of fuel to oxidant divided by the stoichiometric fuel to oxidant ratio) ranging
from 1.4 through to 2.2 were considered. Iron pentacarbonyl (Fe(CO) 5) was used as the
source of metallic catalyst necessary for nanotube synthesis. A controlled flow of iron
pentacarbonyl vapor was supplied through a temperature-controlled (4oC) single-stage
bubble saturator unit using argon as the carrying gas. The argon gas flow could be
proportioned between the saturator and a bypass line, for control of the catalyst feed rate.
Iron pentacarbonyl feed concentrations were typically 6100 ppm.
3.2 Combustion system
The experimental apparatus consisted of three main components, namely a burner
system, gas flow control systems, and a vaporizer system. Each component system is
described in detail below. Detailed process schematics are also shown in Appendix 12.1.
3.2.1 Burner system
Combustion experiments were performed using equipment used in previous studies
for soot, fullerene and nanostructure formation in flames (1-4). The burner system
consisted of a burner mounted on a vertical translation stage contained within a vacuum
enclosure.
The burner consists of a 100 mm diameter copper plate (12 mm thickness) with 1500
uniformly spaced 1 mm diameter holes drilled through the surface. Only the inner 70 mm
diameter burner section was utilized for this study with the outer annular section used
during flame startup. The outer flame was note used during operation to minimize
disturbances during flame sampling. The burner plate is attached to a burner cavity filled
with stainless steel wool to facilitate uniform flow distribution of the premixed gases
entering from the base of the cavity and also serves to quench any flame flash-back. A
flow of cooling water passes through copper tubing coiled around the outside of the
burner body. Typical burner plate temperatures ranged from 70-80 'C.
The burner is mounted on a vertical translation stage (Velmax Inc., A2500), which
allows measurements to be taken at various height-above-burner (HAB). The translation
stage mechanism is connected to a stepper motor (Superior Electric, M091-FD-6009) and
sensor unit (Durant, Quadrature indicator/totalizer, 53300-403), which gives a calibrated
indication of burner position and HAB. The burner has a vertical range of movement of
90 mm and an accuracy of ± 1 mm. The burner supports a flat, premixed flame. The flame
is established by passing oxygen through the inner burner section and ethylene through
the outer annular section and igniting a diffusion flame using a discharge from a Tesla
coil. Once a diffusion flame is established, oxygen is introduced to the annular section
leading to a premixed flame supported on the outer annulus. Acetylene and argon are
introduced to the central burner section and the flow rates adjusted to give the desired
premixed flat flame composition. Finally, the annular flame is extinguished and the
experiments performed using the flame supported on the central core burner section only
so that the thermophoretic sampling technique is not perturbed by the outer flame. Figure
3-1 shows a diagram of the burner.
Central region (OD 70 mm) 1 mm diameter holes
A -- ------------ ........... A
0 0 00 O 0 O
Annular region (OD 100 mm) 000 'O o o) 0 0o o
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Ethylene/oxygen inlet -
Cooling water inlet ---
Cooling coils -4 )
Cooling water outlet 4-
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Section A-A
Figure 3-1. Schematic of the premixed flame burner. Inset shows detail of 1 mm diameter
holes drilled in the copper burner faceplate.
The burner is enclosed in a stainless steel vacuum chamber of internal diameter 240
mm and height 360 mm. The upper chamber plate is water-cooled and exhaust gases are
withdrawn through two ports in the upper flange. At the upper burner position the
distance to the upper chamber plate is 50 mm and 140 mm at the lowest position. Ports in
the sidewall of the chamber provide access to sampling and diagnostic instruments










3.2.2 Gas flow control systems
The main gas sources for the combustion system are acetylene (BOC, 99.6%),
ethylene (BOC, 99.995%), oxygen (BOC, 99.6%) and argon (BOC, 99.999%). Acetylene
was the fuel used for the main premixed flame used throughout the experiments and
ethylene was the fuel used for the annular (start-up) flame. Flow control for each of these
gases was achieved using mass flow controllers (MKS, M100) giving precise metering of
the gases independent of pressure and temperature fluctuations in the system and local
environment. Each mass flow controller was calibrated using a digital flowmeter
(A.P.Buck Inc., M-30). The acetylene, oxygen, and argon flows are combined upstream














Figure 3-3. Schematic diagram of the burner chamber and associated systems.
-- - - --I-- - -- -- I
The exhaust gases from the flame are extracted from the burner chamber using a
vacuum pump (Pennwalt, Microvac pump, model 149-11). Exhaust gases pass through a
filter unit (Filterite, model 1.2CHC2S-2) to remove particulate material prior to entering
the pump. Adjustment of a ball valve on the exhaust line provides crude vacuum pressure
control while small manual valves, an electronic proportioning valve and PID controller
coupled to the exhaust extraction system allows accurate trimming control of the chamber
pressure to within an accuracy of ±50 Torr. A schematic of the burner chamber and
support systems is shown in Figure 3-3.
3.2.3 Vaporizer system
Catalyst precursor compounds such as iron pentacarbonyl (Fe(CO) 5) were introduced
to the premixed flame in vapor form. Iron pentacarbonyl is a liquid at room temperature
and pressure (Pvap = 6.6 Torr at T = 0 OC (5)) and a vapor can be drawn from the liquid by
bubbling a carrier gas through the liquid. A vaporizer unit, consisting of a liquid reservoir
and gas sparger, was used to introduce the catalyst to an argon gas stream. The total
argon flow to the burner was proportioned between the bubbler unit and a bypass line to
allow accurate control of the catalyst dosing concentration. Both the bubbler and bypass
argon flows were controlled using mass flow controllers (MKS, M100). Intimate contact
between the liquid and argon bubbles leads to enhanced transfer of the vapor to the
carrier gas. The argon flow exiting the bubbler unit was assumed to be saturated with
vapor - a reasonable assumption given the volatility of the compound. The temperature of
the liquid reservoir (and associated vapor pressure) was controlled by immersion in a
temperature controlled water bath. Water was circulated through a refrigerator/heater unit
and a tubular coil immersed in the water bath in order to provide temperature control (4
±0.5 'C) of the liquid reservoir. A type K thermocouple, connected to a digital
temperature display, was immersed in the iron pentacarbonyl reservoir. The temperature
of the vaporizer was kept below 10 oC to prevent condensation on tubing and other
surfaces. Typical vaporizer temperatures were 4 'C (±0.5 °C). The pressure of the
vaporizer was equivalent to the burner chamber pressure (Typically 50 Torr). The
vaporizer system was contained in a sand-filled tray positioned inside a fume hood in
order to minimize risks associated with leaks.
Argon
To burner
Figure 3-4. Schematic of the vaporizer system showing the bubbler saturator and flow
controls. The central bubbler tube and a thermocouple are immersed in the Fe(CO)s liquid.
3.3 Sample collection
Two main methods were used to collect condensed-phase material from the flame.
The main method used in this study was thermophoretic sampling. Probe sampling
techniques were also used.
3.3.1 Thermophoretic sampling
Thermophoresis is the process of particle migration down a temperature gradient
from hot to cold temperatures. Thermophoretic sampling is a procedure that allows
deposition of particles from a hot flame directly onto a cool surface rapidly inserted and
withdrawn from the flame. The surface, initially at room temperature remains at a
relatively cool temperature compared to the flame gases and so particles migrate from the
hot gases and deposit on the surface. The exposure time should be rapid enough to collect
sufficient sample but not so long as to cause significant heating of the substrate. If a
transmission electron microscope grid is used as the deposition surface then the
morphology of the particles can be observed ex situ using TEM techniques (2,6-9).
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The thermophoretic velocity of particles is independent of particle size if the particle
dimensions are smaller than the average distance between collisions or mean free path.
Additionally, the velocity for aggregates agrees to within 20% of primary particles even
if the aggregates are larger than the mean free path length (10). The deposited sample is
deemed to be representative of the particles residing in the flame if the particles are




In the above expression k is the mean free path in units of length; R is the gas-
constant; T is temperature, NA is Avogadro's number; P is pressure. For example, the
mean free path for an oxygen molecule at T = 1000 K and P = 50 Torr is approximately
360 p~m, so particles or aggregates smaller than order 100 ptm are likely to have similar
thermophoretic velocities and thus a representative sample of the particle ensemble in the
flame.
The thermophoretic flux to a cold surface is estimated using the following expression
(3-2) suggested by Dobbins et al. (6). The parameters in the expression are as follows: Jw
is the particle number flux; K is the thermophoretic velocity coefficient (0.55 for free
molecular regime(6)); ve is the kinematic viscosity of the host gas mixture (-0.2 at flame
P and T); fv,e is the particle volume fraction outside the thermal boundary layer; Dp is the
particle diameter; 6t is the thermal boundary layer thickness (0.06 - 0.1cm (6)); Tw and
Tg are the wall and gas temperatures; K is the exponent for temperature dependence of
the gas mixture thermal conductivity at flame temperatures (K t 0.84 (6)).
6Kefv, e Tw1I TwJw = .D 3  t 1- (3-2)S rD 6 t T, T,
If we consider the volume fraction to be the product of number density in the gas
phase and individual particle volume, and estimate Jw from the number density of
particles in TEM images divided by immersion time, then we can re-arrange the above
expression to estimate the number density of particles in the flame gases Nv,e (3-3).
Nve - Tg T-j (3-3)
v 
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A thermophoretic sampling technique was used to collect condensed material in the
flames considered in this study. The thermophoretic sampling system consisted of a thin
metal shim (38 x 6.4 mm; Cole-Parmer 06369-05) connected via a 6 mm diameter rod
and pressure seal feedthrough to a pneumatic piston mechanism. A solenoid valve
actuator coupled with an electronic timing circuit allowed control of the piston action
speed and hence immersion time of the stage in the flame. An insertion time of 250 (±
25) ms was used throughout the experiments. TEM grids (Ladd, 3 mm Lacy film, model
10975) were affixed to the center of the thin metal shim using a small tab of epoxy. After
insertion into the flame gases, each TEM grid was removed and subsequently taken for
TEM analysis.
3.3.2 Probe sampling
Flame-generated material was collected from the flame in a variety of ways. One of
the simplest collection methods used was to remove the upper chamber flange at the
completion of flame operation and remove the solid residue accumulated on the water-
cooled surface. While this method does provide relatively large quantities of sample, the
collected material has an uncertain treatment history and is an accumulation of results
from a variety of heights above burner and collection times.
Probe sampling removes much of this uncertainty by extracting flame gases and
condensed material from a well-defined position in the flame over a controlled time. Two
probe methods were used in this study. The first probe was based on a hollow quartz tube
with a narrow probe-tip with 1.5 mm orifice (3). The second quartz probe has similar
dimensions except has a wide probe opening (Figure 3-5). Each probe was housed in a
water-cooled stainless steel jacket during experimental runs. The small orifice probe has
the advantage of causing minimal disturbance to the flame ahead of the sampling point
and the expansion and cooling of gases passing through the orifice quenches gas phase
and heterogeneous reactions. Even though the wide-mouth probe is more intrusive, it
M
allows sampling over a larger cross-sectional area and can be useful for collecting a
larger quantity of solid material from the flame.
During sampling, the probes were connected to a vacuum pump (Welch; model
1397). The sampled gases passed through a vernier-scale needle valve and pressure senor
to allow control of the sampling pressure. Typical sample line pressures were in the range
of 5 to 15 Torr. The exhaust gases from the vacuum pump were passed to a graduated
water column allowing determination of the volume flowrate of sampled gases. A filter
unit attached directly to the probe allowed collection of condensed material on a filter
disc of filter paper or fabric. The material collected on each filter disc could be easily
removed from the filter and analyzed further using gravimetric and material
characterization techniques. The filter was constructed from a modified porous filter unit
(Swagelok; SS-8F-60) in conjunction with 17 mm diameter filter discs derived from filter






Figure 3-5. Quartz probes. A) Small orifice microprobe, B) Wide-mouth sampling probe, C)







quartz probe Gasesfrom flame
3.4 Flame characterization
The combustion process in this experimental system was grossly characterized by
profiles of temperature and composition as a function of position (or residence time) in
the flame.
3.4.1 Temperature measurement
Numerous methods for temperature measurement have been applied to combustion
studies, including intrusive methods such as thermocouples (11,12) and thin filament
methods (13). Non-intrusive methods include optical pyrometry (14,15), laser induced
fluorescence (16,17) and Raman spectroscopy (18).
Thermocouple measurements were used to measure flame temperatures.
Thermocouples consist of two dissimilar metal leads joined together to form a junction
(bead). Changes in temperature of the bead give a proportional change in electro-motive
force (emf) between the leads, allowing temperature to be monitored by direct
measurement of the emf. Temperatures measured with thermocouples suffer from
conductive, catalytic and radiative losses that must be compensated (11). Conductive
losses were minimized by aligning the thermocouple leads in parallel with the burner
surface in such a way that the temperature gradient along the wires would be minimal.
Catalytic effects on the metal leads are expected to be negligible for the fuel-rich
conditions employed in these flames. Radiation losses can be corrected by a theoretical
model (19).
Tc = Tm +--D (TMT4) (3-4)
2k
where Tc, Tm and To are the corrected, measured and ambient temperatures; a is the
Stefan-Boltzmann constant; E is the emissivity; D is the bead diameter; and k is the
thermal conductivity of the surrounding gas. Example temperature related calculations
are shown in Appendix 12.7.1.
3.5 Materials characterization
Carbon nanotubes are a difficult material to characterize. The small diameter coupled
with the relatively large lengths of the tubes make them unsuitable for many well
established analytical techniques such as chromatography (HPLC). Furthermore, because
we are dealing with essentially pure carbon, the structural characteristics of carbon
nanotubes are indistinguishable chemically, limiting opportunities for secondary and
inferential analytical techniques. Based on these analytical challenges electron
microscopy emerges as one of the few techniques that can be used to interrogate the
properties of carbon nanotubes (20).
Transmission electron microscopy (TEM) is the most widely adopted assessment
technique for nanotubes. Other microscopy based techniques include scanning
transmission electron microscopy (STEM) (21), scanning electron microscopy (SEM)
(22), atomic force microscopy (AFM) (23), scanning tunneling microscopy (STM) (24).
While these techniques offer very good resolution of structural properties on the scale of
individual nanotubes on a local scale, they are limited in their capacity to interrogate the
bulk properties or global scale of a sample.
A number of spectroscopic techniques have emerged in recent years to indirectly
characterize nanotube structure and properties representative of the bulk sample. For
example, Raman spectroscopy, a technique that interrogates vibrational modes in SWNT
structures, has found great utility in resolving structural properties of single-walled
carbon nanotubes (25,26). More details of the Raman spectroscopy technique are given in
section 3.5.3. More recently a number of additional spectroscopy techniques have
emerged, including spectrofluorimetric (27), photoluminescence (28), and near-infrared
(29) techniques. Other techniques that have been applied to nanotube analysis include X-
ray diffraction (30-32), nuclear magnetic resonance (NMR) (33) and thermal gravimetric
analysis (TGA) (34,35). A technique that has not been applied to nanotubes yet may
prove useful in characterizing the size, positioning and magnetic properties of the catalyst
particles is SQUID (Superconducting QUantum Interference Device) magnetometry
(36,37).
3.5.1 Transmission Electron Microscopy (TEM)
In transmission electron microscopy (TEM), a focused electron beam passes through
a thin sample onto a detecting device such as a phosphorescent screen or video camera.
The electron beam interacts with the atomic structure of the sample giving rise to
diffracted and undiffracted electrons that produce a representative image of the sample.
The small characteristic wavelength of the electron beam enables extremely high
resolution (approx. 0.2 nm) and a high range of magnification (50 to 106 times) allowing
detailed interrogation of sample structure at almost an atomistic size scale. The electron
beam is generated by a high-voltage source and is focused and manipulated by a series of
electro-magnetic lenses. Additional characterization techniques are also possible in many
TEM systems, such as EDXS (electron dispersive x-ray spectroscopy) and electron
energy loss spectroscopy (EELS). A schematic representation of a transmission electron











3.5.2 Scanning transmission electron microscopy (STEM)
Scanning transmission electron microscopy (STEM) is very similar to TEM and has
the additional capability of rastering (scanning) the electron beam over a sample to give a
structural and compositional map of the specimen. The fundamental difference between
TEM and STEM is the nature of the electron probe. In TEM the electron beam floods the
entire sample synchronously while in STEM a narrowly focused electron beam probes
the sample in a rastering pattern so that the material is interrogated asynchronously.
Information about the sample is therefore sampled in parallel for TEM and in series for
STEM.
The electron beam of the STEM probes only localized regions of a sample at any
particular moment and rastering the beam across the sample allows a composite image to
be formed that is similar to that produced by the TEM. The local probe and rastering
configuration also give the STEM the unique capability to perform high-resolution
composition analysis. Electron dispersive x-ray spectroscopy (EDXS) measures the
energy of x-rays emitted from the sample after irradiation with the electron beam and
interprets the signal in terms of elemental composition (see Appendix 12.7.4 for a sample
calculation). The STEM therefore gives the powerful capability to generate image and
composition maps. Direct comparison of the image and composition maps allows
composition to be correlated with structural features.
Further discussion of transmission electron microscopy is given by Sickafus (20) and
Goodhew (38). A good introduction to scanning transmission electron microscopy is
given in a text by Keyse et al. (39) while details of quantitative analysis using EDXS are
discussed in Zaluzec (40).
3.5.3 Raman spectroscopy
Raman spectroscopy uses an intense monochromatic light beam to interact with
molecular structures in such a way that the electric field of the incident electromagnetic
(em) radiation distorts the electron clouds that make up the chemical bonds of the
structure, storing some energy. As the em wave passes, and the electric field reverses, the
electron clouds relax and the stored energy is re-radiated. Most of the stored energy is re-
radiated at the same frequency as the incident light and is referred to as Raleigh
scattering. Some of the stored energy excites molecular vibration modes, giving
side-band modes at a lower energy in the re-radiated spectra (Stokes scattering). The
reverse process can also occur with the incident radiation canceling vibrations giving re-
radiation at higher energies (Anti-Stokes scattering) (Figure 3-7). The Stokes and Anti-
Stokes features in the spectra are referred to as the Raman lines and their separation from
the Rayleigh line is a direct measure of the vibrational frequencies, and hence molecular
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Figure 3-7. a) Illustration of energy transitions leading to Rayleigh, stokes and anti-stokes
spectra. b) Schematic Raman scattering spectrum showing Rayleigh line, Stokes and Anti-
Stokes Raman scattering (41).
The Dresselhaus group at MIT has developed Raman spectroscopy into a powerful
tool for characterization of carbon nanotubes (25,26,42). Nanotubes, and in particular
SWNTs, have been demonstrated to have particularly strong resonance behavior to
incident radiation, giving rise to strong Raman signal from relatively small quantities of
material and in some cases individual nanotubes can give rise to an appreciable signal
(25). The Raman spectra of a nanotube can be used to reveal structural properties such as
diameter, chirality and level of disorder. Raman spectroscopy has been applied to SWNT
(25,26,42), MWNT (43) and peapod (44) structures.
There are at least four distinctive modes in the Raman spectra from single-walled
carbon nanotubes. These modes are referred to as the radial breathing mode (RBM), the
D-band, G band, and G'-band. The relative positions of these modes are shown in Figure
3-8.
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Figure 3-8. Example Raman spectra of SWNTs showing the main modes
band, and G'-band) (adapted from (25)).
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The radial breathing mode (RBM) results from vibration around the circumference of
the cylindrical structure that gives rise to a concentric expansion and contraction
('breathing') of the tube structure. The frequency of the breathing mode is inversely
proportional to the nanotube diameter and as such, the Raman spectrum can be used to
estimate the diameter of nanotubes in the sample. The relationships describing the
proportionality are described in Table 3-1. The proportionality constants are independent
of chirality (25). The radial breathing mode is active for nanotube diameters between 0.4
and 2.0 nm and each mode can be described by a Lorentzian lineshape (25).
Table 3-1. Radial breathing mode (RBM) frequency dependence on diameter.
Expression (cm1) Form Source
248
CORBM = 248 Individual SWNT Dresselhaus et al. (25)dt
224
RBM  = 14 + - SWNT bundles Venkateswaran et al. (45)
The G-band, or tangential mode, results from a translational vibration in plane with
the nanotube wall. The tangential mode is very similar to basal plane vibrations in
graphite and usually occurs in the 1500 to 1605 cm -' frequency range (25). The position
of the G-band frequency is independent of excitation energy. The shape of the G-band is
different for metallic and semiconducting nanotubes as can be seen readily from Figure
3-9. The G-band generally exhibits a bimodal form, with an upper mode (o +) associated
with vibrations in-line with the tube axis, and a lower (o-) frequency component due to
circumferential vibrations. The lineshape for semiconducting nanotubes can be described
using Lorentzians for both o+ and o-. For metallic nanotubes o+ can be described by a
Lorentzian form while o- is described by the Breit-Wigner-Fano (BWF) lineshape
(Equation 3-5).
I(w) = I + (-J 2 W o (3-5)
I
where I,, coo, F and q are intensity, renormalized frequency, broadening parameter and
the lineshape parameter, respectively (46).
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Figure 3-9. G-band profiles for A) semiconducting (left) and B) metallic (right) single-
walled carbon nanotubes (25). Note the chirality indices in parentheses for each profile eg.
(15,8).
The D-band and G'-band are both features related to the level of defects or disorder
in the nanotubes and are observed in both metallic and semiconducting nanotubes. The
D-band is generally observed in the frequency range of 1250 to 1450 cm -' while the G'-
band occurs between 2500 and 2900 cm- . The frequency position of both modes is
dependent on the excitation energy (25).
The resonant frequency of a carbon nanotube is dictated by its structure, as defined
by its diameter and chirality. The resonant frequency corresponds to the gap energy
between mirror-image spikes in the density of states (26). The gap energy relates to the
frequency of light required for resonance via the relationship shown in Equation 3-6.
I
hc 1239.85E (3-6)
Where E is energy (eV), X is wavelength (nm), h is Planck's constant, c is the speed
of light. The equivalent energy for a wavelength of 514.5 nm is 2.41 eV.
The Kataura plot (46) describes the relationship between each diameter and chirality
of single-walled nanotubes and the corresponding gap energy. The Kataura plot therefore
indicates the particular diameters and chiralities that would give a strong resonant signal
for a particular wavelength of incident light, and provides a means for resolving the
distribution of structures in a sample interrogated using Raman spectroscopy. An
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Figure 3-10. Kataura plot showing gap energy for various SWNT diameters and chiralities.
Open circles indicate semiconducting chirality, dark circles are metallic and gray diamonds
are armchair structures (adapted from (46)).
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3.5.4 X-Ray Diffraction
X-ray diffraction (XRD) is a non-destructive technique that is capable of determining
a range of structural properties of crystalline phases. Measurements may include phase
composition, grain size, orientation, epitaxy, defect structure, and film thickness. The
basic principle of XRD techniques is to measure the intensity of x-ray radiation diffracted
from a substrate as a function of angle (20).
Wavelengths used in XRD are typically between 0.7 and 2.0 A (6 to 17 keV) which
is of the equivalent length scale as atomic spacing in crystal structures. The interaction
between the x-rays and crystal planes leads to diffractive patterns with constructive and
destructive interference apparent in the diffracted radiation. By measuring the intensity of
the diffracted signal as a function of incident angle (20) it is therefore possible to obtain a
unique representation of the material structure that can then be compared to standard
spectra to enable determination of the composition and crystal structure. A schematic of
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Figure 3-11. (A) Schematic showing basic principles of the XRD technique. (B) Example
XRD spectrum showing signal intensity as a function of 20 angle (adapted from (47)).
a T(2 CaBa 2 CuL20, e Tc(O°Se)O Tc(zero)5 108K IOOK
b Tf2 CaBa2Cu20 x  125K 115K
I- Tt2Ca2Ba2Cu3Oy
c T( 2Ca 2 8a2Cu3O Y 127K 120K
II~CrCLI - -- ' 
-- --
3.6 Summary
This chapter has introduced the main features of the experimental program
conducted in this study. The combustion system and its burner, vaporizer and control
systems have been described in detail along with the techniques of thermophoretic and
probe sampling. Transmission electron microscopy (TEM), scanning transmission
electron microscopy (STEM), Raman spectroscopy, and X-ray diffraction were
introduced in detail as the main material characterization techniques used in this study.
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4 Synthesis of Metallic Nanoparticles
4.1 Introduction
Nanoparticles, by virtue of their extremely small size (<100 nm), have properties that
are different from the corresponding bulk material. These different properties include
lower melting point, higher self-diffusion coefficient, increased solid-solid phase
transition pressure, lower effective Debye temperature, decreased ferroelectric phase
transition temperature, changed thermophysical properties and increased catalytic
activity. Potential applications for nanoparticles that capitalize on these unique properties
include quantum dots, luminescent materials, gas sensors, resistors, capacitors,
conductive films, high-temperature superconductors, and thermoelectrical, optical and
magnetic materials (1).
Combustion synthesis has found wide utility in the manufacture of many
nanoparticulate materials such as carbon black (2), fumed titania (TiO 2) (3) and fumed
silica (SiO 2) (4). Flames have also been used for the synthesis of alumina (A120 3), SnO 2
(1), and iron oxides (5). Flame synthesis is an appealing method as it can be readily
scaled to allow bulk-production of materials with relatively good control over material
morphology and properties. Many potential applications are proposed for metallic
nanoparticles and the combustion environment has potential as a scaleable synthesis
process for production of metallic nanomaterials. The formation of metallic nanoparticles
in a flame also offers potential as an initial step towards the catalytic synthesis of carbon
nanotubes in later regions of the flame.
The primary objective of the present study was to synthesize carbon nanotubes via a
combustion synthesis technique. The formation of carbon nanotubes requires the
presence of metal-based particles (such as iron) in a high temperature, carbon rich
environment (Chapter 1). The approach taken in this study was to synthesize iron
nanoparticles and then grow nanotubes from these particles, with both processes
occurring in the same flame environment.
A number of earlier studies have focused exclusively on the formation of iron-based
particles in flames. Janzen et al. (5,6) examined the formation of Fe20 3 particles in a
premixed, low pressure, hydrogen/oxygen/argon flame doped with iron pentacarbonyl
(Fe(CO) 5) used as the iron precursor compound. The Fe 20 3 particles observed by Janzen
et al. had a size range of 4 to 20 nm and the particle growth processes in the flame were
described by a modified homogenous gas-phase flame model. Grimm and coworkers (7)
used an oxy-hydrogen flame, into which they sprayed solutions of iron pentacarbonyl or
iron acetylacetonate in toluene, to synthesize Fe203 powders. Zhang et al. (8) used a
carbon monoxide-air diffusion flame doped with iron pentacarbonyl to synthesize Fe203
particles in the form of chain-like aggregates.
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Figure 4-1. Iron-oxide nanoparticle collected from a H2/O2 premixed flame doped with iron
pentacarbonyl (5).
While the studies mentioned above have focused on the formation of particles in iron
doped flames, a number of other studies have examined a range of other effects of iron in
flames, such as flame inhibition and influence of metals on soot formation. Iron
pentacarbonyl is a very active flame inhibiting agent as demonstrated in a variety of fire
suppression studies (9,10). These studies have included hydrocarbon-fuel premixed
flames, with equivalence ratios generally kept close to stoichiometric conditions. In these
flame inhibition studies the laminar flame velocity initially decreases dramatically and
then plateaus as iron pentacarbonyl dosing concentration is increased. The role of iron
additives has also been investigated with focus on soot formation in flames. Bonczyk (11)
investigated an iso-octane/air diffusion flame doped with ferrocene and observed the
formation of iron oxide particles, a shortening of the soot inception time and enhanced
soot burnout. Hahn et al. (12) studied a premixed propane/oxygen/nitrogen flame
operated in fuel-rich conditions (equivalence ratios between 2.4 and 2.5) with iron
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pentacarbonyl vapor used as the iron precursor compound. The addition of iron
pentacarbonyl to this flame system led to the formation of iron oxide particles embedded
inside soot particles with little influence on soot growth rates. Similarly, Feitelberg and
coworkers (13) examined a premixed ethylene/oxygen/nitrogen flame operated over a
range of (fuel-rich) of equivalence ratios from 2.2 to 2.5. Iron was added to the flame in
the form of ferrocene (Fe(CsH 5)2) vapor (200 ppm). The addition of iron to the flame
dramatically increased the quantity of soot formed in the flame which the authors
attributed to the catalytic decomposition of acetylene. Based on equilibrium calculations,
Feitelberg and coworkers concluded that for fuel-rich conditions the iron will initially
exist in the gas phase and will precipitate out as metallic iron after 3 to 5 ms when the
flame temperature drops below 1760 K (13). This behavior is consistent for other fuel-
rich C/O ratios as well. A plot of the equilibrium composition for a typical flame studied
by Feitelberg et al. is shown in Figure 4-2. The plot shows that elemental iron is the
favored species rather than iron oxides.
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Figure 4-2. Equilibrium prediction for state of iron in a flame with C/O = 0.77 (4 =
2.3) and 200 ppm Fe. Metallic iron is predicted to be present at temperatures
below 1760 K (13).
4.2 Experimental apparatus & methods
The flame system and experimental arrangement used in this study are described in
detail in Chapter 3. Briefly, a premixed acetylene/oxygen/argon flame operated at a
pressure of 50 Torr (6.67 kPa) and equivalence ratios between 1.4 and 2.2 was used. Iron
pentacarbonyl vapor was introduced to the premixed flame feed and served as the source
of iron for the growth of iron nanoparticles.
Thermophoretic sampling was used to characterize flame-borne solid material
deposited onto TEM grids. An insertion time of 250 ± 25 ms was used throughout the
experiments to ensure a good surface coverage of particles on the TEM grid. After
insertion in the flame, each TEM grid was examined using a JOEL 200CX transmission
electron microscope.
4.2.1 Image analysis
The images obtained using electron microscopy provided qualitative representations
of the nature of solid materials present in the flame gases. The images consist of discrete
dark areas (indicating solid particles) superimposed on a gray background of the carbon
film substrate on the TEM grid (Figure 4-3).
While the raw TEM image gives a good qualitative representation, quantitative
information such as particle size distribution and number density are more desirable in
terms of more broadly characterizing the flame. Quantitative image analysis was
performed to extract particle size and number density data from the TEM images.
Each TEM slide negative was initially converted into bitmap format using a flatbed
scanner. The raw TEM image file was opened in a custom MATLAB (14) program and
manipulated using a filter algorithm to adjust brightness and contrast of the image,
making the dark particles more distinct relative to the background, before converting the
image to a threshold image making the particles entirely black and the background
completely white (transition from A to B in Figure 4-4). The resulting binary image was
then opened using the ImageJ software program that automatically extracts particle size
and frequency information from binary images (15) (transition from B to C in Figure
a
4-4). The extracted data for particle size frequency distribution was then fitted to a log-
normal function to obtain estimates for the standard deviation (Plot D).
Figure 4-3. Example TEM image of a flame sample showing
solid particles on carbon substrate ( = 1.7; HAB = 75 mm)
Particle Size Distribution
















































Figure 4-4. Quantitative analysis of TEM images. A) is the original TEM image of
particles on carbon substrate () = 1.7, HAB = 55 mm); B) is the processed image
after transformation using a MATLAB routine; C) is the interpreted image after
processing with ImageJ software; D) is the particle size distribution extracted
from the image. The shaded region in frame D shows the resolution limits of the
size analysis where sizes less than 2 nm are prone to noise.
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4.2.2 Errors & uncertainty
There are a number of errors associated with the foregoing image analysis technique.
Sample acquisition is the first stage of the process and there are likely to be errors
associated with how representative the collected material is compared to the flame-borne
distribution. This is very difficult to verify, however based on the discussion of
thermophoretic sampling in Chapter 3, a representative sample is likely so long as the
structures are smaller than the mean free path, which for the current system is on the
order of 100 tm, so a representative sample is likely in this instance.
The next stage of sample analysis requires acquisition of images using the
transmission electron microscope. There are essentially three sources of error at this
stage: 1) obtaining images representative of the overall sample present on the TEM grid;
2) use of correct length scale to determine size of features; 3) ensuring accurate
reproduction of feature properties without aberration or other erroneous optical
transformations. Achieving a series of images representative of the overall sample was
achieved by following a simple protocol where a series of images were obtained from
multiple sectors of each TEM grid. The correct length scale was achieved by calibrating
the microscope with standards including latex spheres and diffraction gratings of known
dimension. Errors due to optical aberration are difficult to avoid and are a function of
operator skill and judgment but can be minimized through operational experience.
There are additional errors that result from the nature of the samples and the
microscope resolution. The samples consisted of metallic particles supported on the
amorphous carbon substrate of the TEM grids. The contrast between the particles and the
substrate was clear for particle sizes above 5 nm yet became more difficult to distinguish
below sizes of around 2 nm due to noise. Particle sizes below around 2 nm as interpreted
by subsequent image analysis are therefore ambiguous.
Each of the image analysis steps involves particular errors also. The transformation
from the raw TEM image to the threshold image (A to B in Figure 4-4) relies on
adjusting image contrast, brightness and assigning a threshold for the transformation to a
black and white image required for the subsequent analysis. These transformations are
somewhat qualitative in nature, however a standardized algorithm was developed to
perform this adjustment in a consistent manner for each of the images. The interpretation
of the binary image to obtain the outline image (B to C in Figure 4-4) is performed in the
ImageJ software package and this process has little error relative to the initial image
transformation step. The output from the ImageJ analysis included a series of dimensions
for the shapes interpreted from the image. These dimensions were subsequently analyzed
to obtain particle size and number density information for the image (D in Figure 4-4).
The average particle size was calculated from this data and a log-normal distribution was
fitted to the size data and the fitted standard deviation was adopted to quantify the error.
The accuracy of the image transformation and analysis steps was verified using images of
latex sphere standards.
The particle number concentration in the flame was calculated from the image
number density, flame temperature, and the thermophoretic immersion time based on the
relationship discussed in Section 3.3.1. The thermophoretic relationship is a model for the
sample deposition process and a degree of error would be expected. The errors in this
calculation were estimated based on a partial squares error analysis and the relationship
given in Section 3.3.1. Conservative error estimates were adopted for each the parameters
listed in Table 4-1 below.
Despite the potential errors with this methodology, it was chosen as producing a
more representative indication of particle properties than manual analysis methods.
Table 4-1. Component error values adopted for thermophoretic error calculations.
Parameter (from Eq 3-3) Estimated
N =J [, T= Symbol Value Error Units
Immersion time t 0.25 0.025 sec
Thermophoretic velocity coefficient K 0.55 0.05
Kinematic viscosity ve 0.2 0.1 cm2/s
Boundary layer thickness 6t 0.1 0.01 cm
Exponent K 0.84 0.1
Temperature of wall Tw 298 50 K
Temperature of gas Tg measured 10% K
Image number density (Jw = A/t) A measured 10% #/cm2
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4.3 Experimental results
4.3.1 Flame profiles
Thermophoretic samples were obtained at various height above burner (HAB) to
give resolution of particle formation and growth dynamics in the flame system. The TEM
images obtained from each sample give a visual indication of particle evolution. A series
of TEM images from samples taken from a premixed acetylene/oxygen/argon flame (15
mol% Ar; 30 cm/s; P = 50 Torr; 6100 ppm Fe(CO) 5) are shown in Figure 4-5.
The images each show the characteristic presence of dark particles superimposed on
the gray background of the TEM substrate. The series of images shows a clear
progression towards larger particle sizes as the height above burner increases between 20
and 70 mm. The trend of particle growth is consistent with observations from other flame
studies that have examined rapid particle growth in the flame region (5,13,16). The
images obtained for samples at low HAB (20, 30 mm) exhibit a distribution of particles
dominated by sizes less than 2 nm; furthermore each particle appears to be spherical in
nature, represented by a circular image in two dimensions. At higher regions in the flame
(60 and 70 mm HAB) the distribution of particle sizes has clearly shifted to larger
particles between 2 and 4 nm that are still largely spherical, however there are some
shapes that are slightly elongated.
The full series of TEM images obtained from samples between 20 and 75 mm HAB
were processed using the quantitative image analysis algorithm described in Section
4.2.1. The data extracted from the images included particle size distribution, mean
particle size, and number density. The mean particle size is obtained directly from the
ImageJ software while the error bars for the mean particle size are obtained from the log-
normal distribution fitted to the measured particle size distribution. Particle number
concentration in the flame was estimated from the number density in each image, flame
temperature, and the thermophoretic flux expression discussed in Chapter 3. The error
bars for the number density are estimated from conservative error propagation
calculations based on the thermophoretic flux expression (Table 4-1). The mean particle
size and number density in the flame as a function of HAB are shown in Figure 4-6.
Figure 4-5. Series of TEM images showing solid particles on a carbon film substrate. Note
the progression of increasing particle size with height above burner (HAB). Enlarged
images are shown in Appendix 12.6.1.
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Figure 4-6. Quantitative image analysis results for a 0 = 1.7 flame doped with 6100 ppm
(open circle) or 12200 ppm (closed circle) Fe(CO)5. (A) Mean particle size, (B) Particle
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4.4 Summary
Nanoparticles, due to their small size (<100 nm) possess many unique properties that
can be quite different to the bulk material. The primary objective of this study was to
characterize the formation of iron-based nanoparticles in a premixed
acetylene/oxygen/argon flame doped with iron pentacarbonyl. An additional goal was to
develop a model to account for the main dynamics behind particle growth in the flame.
A premixed acetylene/oxygen/15 mol% argon flame operated at equivalence ratio ( )
of 1.7, pressure of 50 Torr and 30 cm/s cold gas feed velocity served as the baseline for
this study. Iron pentacarbonyl was fed to the flame (at 12200 and 6100 ppm) as precursor
for particle formation and growth. Thermophoretic samples were extracted at various
height above burner (HAB) and analyzed using TEM to obtain representative images of
the particles present in the flame. An image analysis algorithm was developed to extract
particle size and number concentration data from the TEM images.
Particle growth was observed to proceed rapidly in the initial region of the flame
(<15 mm) and then taper off to a steady rate of increase of around 1 nm per cm HAB. For
6100 ppm precursor concentration the average particle size increased from around 2 to 4
nm between 20 and 75 mm HAB. For 12200 ppm the particle size increased from around
3.5 to 5 nm between 20 and 70 mm HAB.
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5 Synthesis of carbon nanotubes
5.1 Introduction
Flames offer potential as means of producing bulk quantities of carbon nanotubes in
a continuous, economically favorable process. In addition to their appeal as a practical
method for nanotube production, flames also offer an ideal system to study the
mechanisms of nanotube formation. There are three key requirements for nanotube
synthesis common to most synthesis techniques: 1) a source of carbon, 2) a source of
heat, and 3) presence of metal catalyst particles. A fuel-rich flame provides a high-
temperature, carbon-rich environment suitable for nanotube formation if certain metals
are introduced into the system.
5.2 Previous flame studies
There have been a number of observations reported in the combustion literature of
filamental carbon structures within flame systems. Perhaps the earliest observation of
intriguing tube-like structures in flames is reported by Singer(l) in the 1950s (Figure
5-1A). In the last decade there have been occasional reports of nanotube structures (2-9).
These observations are typically reported as curiosities and are largely serendipitous in
nature. In recent years Diener et al. (10), Saito et al. (6,7), and Vander Wal et al. (9,11-
18) have independently made more detailed studies of nanotube formation in flames.
lO13nii
Figure 5-1. A) "Hollow filamental structures" from a propane/air diffusion flame (1). B)
Multi-walled carbon nanotubes from a methane/air diffusion flame (6).
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5.2.1 Diffusion flames
Saito et al. (6,7) immersed metallic substrates in methane- and ethylene-fueled, co-
flow diffusion flames and observed multi-walled carbon nanotubes that had formed on
the substrate (Figure 5-1B). Vander Wal and coauthors have observed single walled
nanotubes in a hydrocarbon (acetylene or ethylene)/air diffusion flame with nitrogen
diluent and metallocene catalyst precursor compound added to the fuel stream (9).
Merchan-Merchan et al. (8) observed multiwalled carbon nanotubes in an opposed-flow
methane diffusion flame apparently without the addition of metallic catalyst.
5.2.2 Premixed & hybrid flames
In 2000, Diener et al. (10) reported the synthesis of single-walled carbon nanotubes
in sooting flames. A partially-mixed flame configuration was used with fuel gases
(acetylene, ethylene or benzene) issued through numerous small diameter tubes
distributed through a sintered-metal plate through which oxygen flows, drafting past the
fuel tubes. Iron and nickel bis(cyclopentadiene) compounds were vaporized and issued to
the flame feed as a metal catalyst precursor. Single-walled nanotubes were observed in
acetylene and ethylene flames (over equivalence ranges of 1.7 to 3.8) while multi-walled
nanotubes are observed in benzene flames (over equivalence ratios of 1.7 to 3.4).
Diener and coworkers do not report the level of dilution with argon, the
concentration of metal species added to the flame, or the inlet velocity for the feed gas
mixture - all are parameters influencing nanotube formation in flames. The reported
overall single-walled carbon nanotube yields are very low "certainly less than 1% of the
carbon soot product" and this small population of single-walled carbon nanotubes is
confirmed by inspection of the TEM micrographs in the article. The nanotube bearing
soot material analyzed by Diener et al. is collected from a filter system far downstream
from the burner and there is no information relating to the time, temperature or
concentration history of the material. Diener et al. place emphasis on the use of sooting
flames for the synthesis of their materials which is in fact analogous to the approach
reported by Howard et al. (19-21), Richter et al. (4), and Duan et al. (3). The reported
range of equivalence ratios is stated as 1.7 to 3.8 which is very much focused on
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exploiting sooting conditions. Furthermore, the quantities of nanotubes observed in the
condensed material are very small (<1 %).
Vander Wal and coworkers make extensive use of an annular burner configuration
consisting of a 50 mm diameter sintered metal plate with a central tube of 11 mm
diameter that is mounted flush with the surface of the burner plate (Figure 5-2). For most
experiments Vander Wal et al. established a fuel rich premixed flame supported on the
outer annular section of a burner plate while reactant gas mixtures, including metal
catalyst species of interest were fed through a central tube. This configuration is termed a
'pyrolysis flame' in the papers as the central gas flow does not undergo combustion due
to the lack of oxygen in this flow, but reactions (and nanotube formation) do proceed in
the flow by virtue of the heating influence of the surrounding annular flame. The central
gas flow is in effect a reactive streamtube and not a flame. A stabilizing chimney (7.5 x
2.5 cm diameter) immersed in the flame gases provides a stabilizing effect and nanotube
(single-wall, multi-wall nanotubes and nanofiber) samples are collected at the exit of the
chimney.
There are some important distinctions to note regarding this configuration. First of
all, the outer (annular) flame is primarily a source of heat and the central gas mixture
flow is the primary source of carbon and metallic catalyst. Combustion is not supported
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Figure 5-2. Experimental apparatus used by Vander Wal and co-workers (14). Note the
annular burner configuration and the use of a chimney to separate the heating and reactive
functions of the system.
A flame system has been used extensively in combination with a wide variety of
methods to introduce metallic catalyst species to the system. Vander Wal and Ticich
(11,12) performed comparative experiments, synthesizing nanotubes in both the
'pyrolysis flame' and tube reactor setups. The premixed flame in the outer annulus used
acetylene/air mixtures of equivalence ratios between 1.4 and 1.62. An equivalence ratio
( ) is defined as the actual fuel/oxygen ratio divided by the stoichiometric fuel/oxygen
ratio corresponding to conversion of all carbon to CO 2 and all hydrogen to H20. The
reactant gas mixtures used in this instance used either carbon monoxide/hydrogen or
acetylene/hydrogen mixtures, and iron or nickel nanoparticles entrained in the central
feed gases. In an analogous study (12), Vander Wal and Ticich used a carbon
monoxide/hydrogen reactant feed mixture and used a nebulized solution of iron colloid
(ferrofluid) and a spray drying technique as the source of catalyst particles. Nanotube
samples were collected once again at the exit of the chimney section (12). Single-walled
nanotubes were observed in a similar flame setup where Vander Wal and Hall introduced
metallocene (ferrocene and nickelocene) vapor to the central reactive feed gases using a
controlled sublimation technique (15). Vander Wal observed single-walled nanotubes in
an identical flame arrangement using a nebulizer system to introduce iron nitrate salt
solution to the flame as the catalyst particle precursor (14). Vander Wal also reports the
formation of nanofibers (similar to multi-walled nanotubes except the walls tend to be
irregular and non-graphitic) in an identical flame configuration with nickel nitrate
solution nebulized into the flame (16).
Another variation of the catalyst feed technique with this burner configuration is
reported by Vander Wal, where catalyst particles are generated by burning a piece of
paper coated in metal particles and the resulting aerosol is entrained in a fuel-rich mixture
of carbon monoxide, hydrogen and air. The resulting gas mixture is fed to the central
section of an annular fuel-rich acetylene-air flame and single-walled nanotubes are
collected at the exit of a cylindrical chimney surrounding the central streamtube. In this
instance the central gas flow does in fact lead to a premixed flame (as opposed to a
pyrolysis reaction streamtube in previous experiments) where the premixed flame
composition is carbon monoxide, hydrogen and air with entrained iron nano-particles.
Single-wall nanotubes were once again collected at the exhaust of the stabilizing chimney
(13). In this configuration, the premixed gas feed did not contain a hydrocarbon (carbon
monoxide and hydrogen were used as the feed material). Further, the nanotube material is
collected quite late in the formation process at a point exclusively at the exhaust of a
physical chimney insert.
Vander Wal, Hall, and Berger have synthesized multi-walled nanotubes and
nanofibers on cobalt nanoparticles supported on a metal substrate immersed in premixed
flames of various hydrocarbon fuels and equivalence ratios (17,18). This configuration is
truly a premixed flame and all three functions necessary for nanotube synthesis (heat
source, carbon source, and metal catalyst) are present in the same flame environment.
However, in this instance the catalyst particles are supported on an externally affixed
substrate immersed in the flame gases. Table 5-1 summarizes burner configurations
reported in the literature for synthesis of carbon nanotubes in flames.
Table 5-1. Summary of nanotube specific flame configurations reported in the literature.
Author Burner Flame type Flow I Flow 2 CatalystConfiguration
Fuel flow Oxyqen flowFuel flow 0 to 1lslm air
Vander Wal et al. 0.15 simC2H2  t OtoilsmairVander Wal et al. Diffusion 0.15 slm 2H2 (exact flow not cobaltocene
(9) or C2H4; specified inL F-M-- 1.75 sIm N2
Fuel & metal paper)
Fuel flow 0.93
Saito et al. Diffusion slm CH4, or Oxygen flow Ni-Cr-Fe wire
(2,6,7,22) 0.27 sim 74.2 slm substrate
C2H4;
I Fuel
Fuel flow Oxyven flow
Merchan- CH4/C2H2  02/N 2Merchan et al. Diffusion (Flow not (Flow not none
(8) 10N stated) stated)
Reactant qas Fe, Ni
Pyrolysis CO/H2  Annular flame (evaporation(1 1)
Vander Wal et al. 'flame' (with C2H2/H2  11.0 slm air; ; colloidal(12);
(11,12,14-16) Fuel & Air outer annular CO/C2H2/H2 1.5 slm C2H2  metallocene(15);
premix flame) + diluents nebulizer(14,16)
Reactant mixture & metal
Ssa Reactant gqas
1st stage CO/H2/He Annular flame Fe
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5.2.3 Nanostructures from premixed flames
An extensive amount of research related to the formation of fullerenes and fullerenic
nanostructures in flames has been reported in the last decade (5,19-21,23,24). In
particular, there have been two studies by Howard et al. where carbon nanotubes have
been observed in condensed material collected from flames (19,20). Howard et al.
employed a premixed flame configuration operated at low pressure (20 to 97 Torr), and
burner gas velocity between 25 and 50 cm/s. A variety of fuels and fuel/oxygen
compositions (C/O ratios) were explored including acetylene (C/O 1.06, = 2.65),
benzene (C/O 0.86 to 1.00, 4 = 2.15 to 2.65) and ethylene (C/O 1.07, j = 3.21). Diluent
concentrations between 0 and 44 mol% were also explored. These flames are all
considered 'sooting' flames as they spontaneously generate condensed carbon in the form
of soot agglomerates suspended in the flame gases. Similarly, Duan et al. (3), Grieco (5)
and Richter et al. (4) reported producing nanotubes in flames under sooting conditions.
Samples of condensed material were obtained directly from the flame using a water-
cooled gas extraction probe (between 2 to 7 cm above burner), and also from the water-
cooled surfaces of the burner chamber. Nanostructures were extracted from the collected
soot material by sonication of soot material dispersed in toluene.
High-resolution electron microscopy of the extracted material allowed visual
analysis of the fullerenic nanostructures. A range of nanostructures were observed,
including spherical, spheroidal, tubular and triangular structures, typically composed of
multiple, graphitic carbon planes. Nanotubes are observed in these materials and tend to
be multi-walled nanotubes typically with more than five concentric walls of monotomic
carbon thickness. The nanotube material is generally observed predominately in the
material collected from the chamber surfaces.
US patent number 5,985,232 has been awarded to Howard and coworkers for the
'production of fullerenic nanostructures' that draws heavily on the methods and
observations reported in the papers described above (21). The patent discloses a method
based on a flame burning unsaturated hydrocarbons, operated at sub-atmospheric
pressure (up to 300 Torr), with diluent present in the flame feed gases, and also makes
allowance for the addition of metal species (such as iron, cobalt, nickel, calcium,
magnesium, potassium, rubidium and strontium) to promote the formation of single-
walled nanostructures. Additional disclosure relates to the potential of adding oxidant
species to the flame gases to selectively purify the nanostructures relative to the soot
material and possibly open the end-caps of nanotube materials.
5.2.4 Other flame studies
There have been a number of combustion studies that have employed some
components of the system described in the present study, yet did not observe the
formation of carbon nanotube material. Rumminger et al. (25,26) introduced a vapor of
iron pentacarbonyl into premixed flames of methane/air and also carbon
monoxide/hydrogen/air. The focus of their studies was on flame inhibition due to the
presence of iron pentacarbonyl. No nanotube material was reported, most likely a result
of the low equivalence ratio employed in the studies.
Feitelberg and coworkers (27) also injected metal compounds into premixed flames
in order to examine the effect upon soot formation in fuel rich flames. Nanotube-like
material was not observed, most likely because the equivalence ratios they employed
were too high. Janzen and Roth (28) examined the formation of iron-oxide particles in a
premixed hydrogen/oxygen/argon flame injected with iron pentacarbonyl and did not
observe any nanotube formation. The reason is simply that there was insufficient carbon
in their flame system.
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5.3 Experimental method & approach
The combustion literature does have a number of studies that have observed carbon
nanotubes in flames yet there is very little resolution of the formation processes leading
to nanotube formation in the combustion environment. The area of nanotube synthesis in
flames is thus quite a rich and largely unexplored domain. The objectives of this study
were to identify the following aspects of carbon nanotube formation in a premixed flame:
1. Nanotube formation zone and growth time scales
2. Transition conditions for nanotube formation
3. Nanotube structure.
5.4 Experimental apparatus
The experimental setup is described in more detail in Chapter 3 and only a brief
description is given here. A premixed acetylene/oxygen/argon flame formed the basis of
this study. An argon dilution of 15 molar percent, cold gas feed velocity of 30 cm/s, and
burner pressure of 50 Torr (6.7 kPa) were used throughout the experiments. Iron
pentacarbonyl (Fe(CO)5) was used as the source of metallic catalyst necessary for
nanotube synthesis. A controlled flow of iron pentacarbonyl vapor was supplied through
a temperature-controlled (4.0 ± 0.5 'C) bubble saturator unit using argon as the carrier
gas. The vaporizer is maintained at the same pressure as the burner chamber (50 Torr).
The argon gas flow could be accurately proportioned between the saturator and a bypass
line, allowing control of the catalyst feed rate to the flame. Typical iron pentacarbonyl
feed concentrations were 6100 ppm (molar).
The burner consisted of a 70 mm diameter copper plate with uniformly spaced 1 mm
diameter holes drilled through the surface. The burner plate was attached to a burner
cavity filled with stainless steel wool to facilitate uniform flow distribution of the
premixed gases entering from the base of the cavity. A flow of cooling water passed
through copper tubing coiled around the outside of the burner body. Burner plate
temperatures were typically 70-80 C. The burner was mounted on a vertical translation
stage, allowing measurements to be taken at various height-above-burner (HAB). The
burner and translation stage were contained in a stainless-steel vacuum chamber. The
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upper chamber plate was water-cooled and exhaust gases were withdrawn through two
ports in the upper flange. An electronic proportioning valve and PID controller coupled to
the exhaust extraction system allowed accurate control of the chamber pressure (Figure
5-3).
A thermophoretic sampling technique (29) was used to collect condensed material in
the flame gases at various HAB and the samples were then analyzed using transmission
electron microscopy (TEM). An insertion time of 250 (± 25) ms was used throughout the
experiments. TEM grids were affixed to a thin metal stage connected via a 6 mm
diameter rod and pressure seal feed-through to the pneumatic piston mechanism. After
insertion into the flame gases, each TEM grid was removed and subsequently taken for


















5.5 Results & discussion
The emphasis of the experimental system and methods was focused on obtaining
information on the flame environment as a function of height above burner (HAB). The
utility of compiling this data with HAB is that this gives a profile of information that
gives a sequence corresponding to points in time and thus a sense of the dynamics of the
flame system. The information that was compiled at various HAB in this instance
included flame temperature and condensed material morphology from the TEM images.
5.5.1 Flame temperature profile
The flame temperature is an important consideration in the synthesis of nanotubes in
flames, as temperature influences both particle and nanotube growth processes. The
flame temperature profile was measured using thermocouples with a junction (bead)
diameter of 300 ± 50 pm (Omega, Type S; Pt/Pt-10O%Rh). A digital thermometer (Omega
HH509R) gave a direct display of the measured temperature. The thermocouples were
housed in a ceramic insulator and immersed in the flame gases with the exposed leads
sitting parallel to the burner face in order to minimize temperature gradient along the
leads and associated conductive losses. Radiation losses were corrected using the
approach outlined in Chapter 3.
The temperature of flames containing solid particles was very difficult to measure
due to errors from deposition of material on the thermocouple and contamination of the
metal composition. Other techniques such as hot-filament pyrometry were also tested and
offered little advantage. Based on these experimental issues, only the flame temperatures
measured with no Fe(CO) 5 added are reported here. The difference between the doped
and un-doped flame temperatures are expected to be relatively small based on the low
concentration of precursor addition and also from computation of the adiabatic flame
temperature for both systems.
The flame temperature profiles have also been estimated using Chemkin. The
temperature profile was estimated based on 85% of the adiabatic temperature profile and
constant decay (80 K/cm) after peak temperature as suggested by Janzen (30). A
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Figure 5-4. Measured and computed temperature profiles for the undoped-flame (O = 1.8).
Two measured temperature profiles are shown in the above figure. The estimated
error range for the measured data is ±200 K. The profile shown with light gray diamonds
is the temperature profile measured for the base-flame (acetylene/oxygen/ 15% argon; =
1.8; v = 30 cm/s) based on the central burner area of 70 mm diameter. The black
diamonds indicate the measured temperature profile for the same base-flame surrounded
by an annular ethylene/oxygen flame. The annular flame minimizes the heat losses from
the sides of the flame, leading to a more uniform radial temperature profile in the flame.
The temperature profile measured with the annular flame is higher and considered more
representative of the center-line temperature in the baseline flame. The calculated
adiabatic flame temperature profile rises rapidly and plateaus at a peak temperature close
to 2200 K. The adjusted profile (85% of adiabatic) with temperature decay gives close
agreement to the annular flame data. The agreement between the annular flame data and
the adjusted calculations indicates that the temperature is adequately predicted based on
the approach suggested by Janzen (30).
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5.5.2 Residence time
The residence time corresponding to height above burner may be estimated directly
from the flame temperature profile. The residence time was calculated based on the cold-
gas feed velocity and a stream tube of constant cross-sectional area obeying the ideal-gas
law. Changes in moles were neglected as a simplifying assumption. The temperature
profile thus leads to changes in local axial gas velocity from which the time can be
evaluated (Table 5-2 and Figure 5-5). A sample calculation is given in Appendix 12.7.2.
Table 5-2. Estimated residence times for various HAB ( adjusted Chemkin T). Errors
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Figure 5-5. Calculated residence time as a function of HAB.
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5.5.3 Nanotube formation zone
Thermophoretic samples were obtained at regular HAB intervals. Flame
characterization sampling was performed on flames with equivalence ratios ( ) between
1.4 and 2.2. For each flame, samples were obtained along the axis-line in the post-flame
region between 10 and 75 mm above the burner. A typical progression of nanotube
morphologies observed in a flame with equivalence ratio of 1.6 is shown in Figure 5-6.
The initial post-flame region (up to 40 mm HAB) is dominated by the presence of
discrete particles. Particle formation, growth, and coagulation lead to larger particle sizes
as HAB increases. Iron pentacarbonyl decomposes rapidly upon exposure to the flame
and the growth of the particles most likely occurs through coagulation of the iron
resulting from this decomposition (28).
Carbon nanotubes are observed after an inception period of approximately 40 mm
HAB with a small number of discrete nanotube segments with lengths of order 100 nm
observed as early as 30 mm HAB. Longer tube lengths, up to 1 pm in length, are
observed to form in the following 10 mm.
After 40 mm HAB, the dominant mechanism appears to be coalescence of condensed
material in the flame gases. Disordered networks of nanotube bundles form tangled webs
decorated with metallic and soot-like particles. The complexity and size of the webs
increase significantly in the upper region of the system, between 50 and 70 mm HAB.
Appendix 12.6.2 shows enlarged versions of the TEM images.
5.5.4 Growth time scales
From the structures observed in the post-flame gases it is clear that inception of
nanotube growth occurs early into the post-flame region. Once initiated, nanotube growth
occurs quite rapidly, followed by a period dominated by coalescence of the discrete
nanotube structures. Based on an observed increase in length of 100 nm to 1 jpm over a
period of order 10 ms for image-resolved nanotubes, an order of magnitude estimate for
the nanotube growth rate is between 10 and 100 jm/s (see sequence of TEM micrographs
in Figure 5-6).
106
20 mm (13 ms)
30 mm (20 ms)
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Figure 5-6. TEM images at various HAB (corresponding time in brackets) for < = 1.6.
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70 mm (53 ms)
5.5.5 Formation transition conditions
The fuel equivalence ratio (4) indicates the relative proportion of fuel to oxidant in a
flame. As 4 increases from unity (stoichiometric), the level of excess carbon available in
the flame gases increases (predominately in the form of carbon monoxide), so one would
anticipate an increasing potential to form nanotubes. At high equivalence ratios however,
this trend is likely to be impacted by an increasing potential to form soot and so less
nanotubes are likely to form at high 4 values. At low equivalence ratios there is likely to
be insufficient carbon availability and so little potential for nanotube formation. A
nanotube formation window is thus anticipated with upper and lower limits determined
by sooting and carbon availability factors.
Equivalence ratios between 1.4 and 2.0 in the fuel-rich regime were examined, with
samples extracted at 70 mm HAB (approx. 53 ms). Representative TEM images over the
range of equivalence ratios are shown in Figure 5-7. Nanotubes are observed to form
between 4 of 1.5 and 1.9. This range of 4 can be considered as a 'formation window'
where conditions within the flame are suitable for nanotube synthesis. For low 4 (1.4 and
1.5) the condensed material (catalysts and nanotubes) in the flame is dominated by
discrete particles. For 4 of 1.9 and higher, soot-like structures dominate with clustered
networks of primary particles ranging in size from 5 to 20 nm. The TEM images are also
shown in enlarged form in Appendix 12.6.3.
Not only is there a clear window where nanotube formation occurs, a continuum of
morphologies is observed within this window. The structures range from discrete
nanotubes at low equivalence ratios through to an increasing proportion of soot-like
material as the equivalence ratio increases. A metric for image analysis was developed in
an attempt to quantify the apparent variation in 'quality'. The metric is simply the
product of the number of filament strands multiplied by their length, divided by the total
area of the image occupied by condensed material. A plot of the metric variation with
equivalence ratio is shown in Figure 5-8.
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The proportion of nanotubes relative to the condensed material clearly increases as
equivalence ratios move away from sooting conditions. Considering the adsorption-
diffusion-precipitation mechanism it may be that the lower carbon deposition rates at
lower equivalence ratios keep the diffusive pathway open longer giving selective growth
of filament structures relative to soot-like structures.
There are at least two competing effects observed in variation of the equivalence
ratio. As 4 increases, the amount of condensed carbon material (both nanotubes and soot)
in the flame increases. However with decreasing 4, the quality or proportion of nanotubes
in the condensed material increases. The composite of these two trends is essentially the
yield of nanotubes, as shown in Figure 5-9. It is clear that nanotube growth is favored at
conditions below the sooting limit, in contrast to conditions necessary for fullerene
synthesis.
NT/condensed material NT yield Condened material
-c I
o I
1.0 Equivalence ratio (4) 2.5
Figure 5-9. Illustration of competing trends in nanotube formation conditions. Nanotube
yield is highest at non-sooting conditions (4 < 1.8).
The analysis of carbon nanotubes is highly reliant on electron microscopy techniques
and the results shown to this point have drawn on TEM observations. Raman
spectroscopy is emerging as a complementary technique for nanotube analysis and is
capable of measuring features such as nanotube diameter, chirality, and a number of other
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properties (Chapter 3). The use of Raman spectroscopy for characterization of the flame-
generated materials is described in the following chapter, however the spectroscopy
method has also been used to investigate nanotube formation transition conditions.
A vertically-aligned quartz sampling probe, coupled to a vacuum pump system, was
used to extract flame gas samples from the same height above burner that the
thermophoretic samples were obtained for the images shown in Figure 7 (70 mm HAB).
A small filter unit placed in the sampling line and attached directly to the quartz probe
allowed solid material in the flame to be deposited onto a filter disc (See Chapter 3).
Samples were extracted from the flame for equivalence ratios between 1.5 and 1.8 over
an extraction time of 2 minutes. Each of the filter disc samples was examined using a
Raman spectrometer at 514.5 nm wavelength. The Raman spectra for each equivalence
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Figure 5-10. Raman spectra for flame samples extracted over a range of equivalence ratios
(4). Note the emergence of the radial breathing mode (RBM) and G-band as 4 is varied
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Figure 5-11. Raman spectra (close-up) for the radial breathing mode (RBM) and G-band
(HAB = 70 mm).
Raman spectra of carbon nanotubes show distinctive modes (Chapter 3). In
particular, the radial breathing mode (RBM) and G-band are characteristic peaks in
Raman spectra of carbon nanotubes. The series of Raman spectra displayed in Figure
5-10 show the emergence of the nanotube modes as equivalence ratio increases from 1.5
and then the disappearance of the spectra as = 1.8 is reached. The Raman signal is a
function of the quantity of nanotubes in the sample and the overall size of the sample and
so the Raman spectra are essentially mapping relative nanotube yield. The increase and
then decrease of the RBM and G-band peaks in the Raman spectrum therefore confirms
the anticipated nanotube relationship indicated in Figure 5-9. The exact position of the
maximum yield and quality balance is more accurately determined by other techniques,
however the Raman spectrum analysis consistently confirms the observed behavior
resolved by TEM imaging.
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5.5.6 Precursor concentration effects
The concentration of the catalyst precursor fed to the flame would be expected to
have a number of influences. The most direct effect would be on the size distribution of
metallic particles whereby higher precursor concentrations lead to larger particles as
demonstrated in the previous chapter. The size of the catalyst particles would also be
expected to influence the formation of carbon nanotubes. Additional effects might also
arise from the collision frequency dependence on particle concentration. Thermophoretic
samples were collected from three flames, each doped with 3700, 6100, and 12200 ppm
of iron pentacarbonyl (4 = 1.7, HAB = 60 mm). The TEM images obtained from each of
the flames are shown in Figure 5-12 (and Appendix 12.6.4).
100inm
100nm 100nm
Figure 5-12. Morphology effects for various catalyst precursor concentrations (A: 3700
ppm; B: 6100 ppm; C: 12200 ppm of iron pentacarbonyl)
The most dramatic effect of the catalyst precursor concentration is on the particle
size distribution and the shape of the metallic particles, with the higher concentrations
leading to many more agglomerate structures. There are a number of effects for the
nanotube-bearing material also. The quantity and complexity of condensed material
increases dramatically with higher concentration, however there also appears to be a
higher degree of decoration with encrusted particles. Interestingly, the nanotubes appear
both cleaner and longer at lower precursor concentrations.
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5.5.7 Nanotube structure
The TEM images displayed previously clearly indicate structures that are linear in
nature with a high aspect ratio between their width and length. These filamental
structures to this point in the present work have been described as nanotubes, however it
is necessary to determine if they are indeed graphitic in nature, single or multi-walled,
nanofibers or some other morphology of carbon. The characterization of the nanotube
material is described in more detail in the following chapter, however it is clear from the
TEM images shown in Figure 5-13 that the filament structures are composed of bundles
of single-walled nanotubes.
Figure 5-13. TEM images of flame-generated material ( = 1.7). Inset (B) shows filament
structures streaming across the TEM grid substrate. The magnified inset (C) shows bundles
of SWNT.
The TEM images in Figure 5-13 show typical structures obtained in flame-generated
material collected from the upper flange of the combustion chamber. The sample was
collected from the flange surface, placed in toluene solution and ultra-sonicated to form a
suspension and a micropipette was used to place a drop of the solution on a TEM grid.
The material is dominated by filamental carbon structures along with clusters of
metal particles and non-filamental forms of carbon. Filament structures can be seen to
stream across the area shown in the magnified section in inset B shows. The further
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magnification shown in inset C displays one of the filaments and the characteristic
tubular graphitic structure of single walled carbon nanotubes is apparent (indicated by
triangular pointer). The filament structures shown in previous TEM images are therefore
bundles of single-walled carbon nanotubes. Multi-walled nanotubes were not observed in
the flame-generated samples under any flame conditions considered in this study
(described in more detail in Chapter 6).
5.5.8 Other structures
The carbon nanotubes are present in the condensed material collected at a series of
heights within the flame (see Figure 5-6), however there are a variety of other resolvable
structures present in the flame as well as nanotubes. The three main structures include the
tangled nanotube webs and also discrete nanotubes as shown in Figure 5-14A; large
clusters of metallic particles encrusted with carbon shells (Figure 5-14B); and discrete
metallic particles (Figure 5-14C).
Figure 5-14. Various morphologies of condensed material present in the flame. A) Nanotube
web (+ = 1.7, HAB = 70 mm); B) Clusters of encased metal particles (+ = 1.7, HAB = 70
mm); C) Distribution of discrete metallic particles (+ = 1.7, HAB = 75 mm).
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5.5.9 Yield
The quantity of nanotubes synthesized per unit of input material is a useful parameter
for evaluating the flame environment as a nanotube synthesis pathway relative to the
ensemble of competing processes. Furthermore, the yield is an important quantitative
measure for assessing the practical feasibility of the process. Accurately determining the
yield for nanotubes is unfortunately inherently difficult due to a paucity of quantitative
characterization techniques and limited means for nanotube separation.
An estimate for the yield of nanotubes from the flame was obtained using a quartz
sample-probe coupled with a filter disc assembly as described in an earlier chapter. The
sample probe was a 7 mm ID (wide-mouth) probe positioned at 70 mm HAB in an
acetylene/oxygen/15 mol% argon flame doped with 6100 ppm concentration of iron
pentacarbonyl and equivalence ratio of 1.7. The mass of condensed material on the disc
after a known sampling time gave an estimate for the mass production rate. A flame
concentration estimate was evaluated based on a measured volume of the sampled gases
passing through the sampling probe. Combined with the known feed rates of carbon, iron
and iron pentacarbonyl, it was possible to estimate the yield of condensed material
relative to these feed parameters (Appendix 12.7.3). The proportion of nanotubes in the
condensed material was conservatively estimated to be approximately 50% (by area) in
TEM images at these conditions, which equates to around 10% by weight based on iron
as the other condensed material. The estimated yield of nanotubes for the input
parameters are given in Table 5-3.
Table 5-3. Estimated yield of carbon nanotubes relative to different components in the feed
gases. Photo of filter disc with condensed material shown on the right
Mass of nanotubes per %
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At first glance the yield quantities shown in Table 5-3 appear quite low, with less
than 1% of the carbon fed to the flame being converted into nanotubes. It is important to
note however that this study has in no way attempted to optimize the yield of nanotubes
and this number could be improved significantly with a systematic study focusing on
yield. Another point to note here is that the important yield parameter is not so much the
yield per mass of carbon fed, but rather the yield per iron fed as it is the metal that
converts the gas-phase carbon into the nanotube structure. With this in mind there would
appear to be significant potential to improve both the amount of metal available in the
flame and the proportion of metal leading to nanotube growth. This is most likely
possible through greater control of particle size and composition. If the effectiveness and
quantity of metal could be improved then it is conceivable that the yield per carbon fed
could shift to percentage levels (See Chapter 11 for more details).
5.6 Discussion
5.6.1 Formation envelope
The observations of nanotube formation in the premixed flame system have showed
three distinct trends with height above burner and variation of equivalence ratio. These
trends are:
* As HAB increases, the condensed material in the flame transitions from discrete
metallic particles, through a zone of nanotube formation, followed by a region
dominated by coalescence.
* A window of nanotube formation is observed as equivalence ratio increases with
the best conditions for nanotube formation occurring at non-sooting conditions.
* The length and quality of nanotubes increases as equivalence ratio decreases
The following figure (Figure 5-15) draws on these observations and attempts to
describe how the synthesis conditions vary over all conditions of equivalence ratio and
HAB. The light-gray bars in the image at j = 1.6 and HAB = 70 mm correspond to the
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Figure 5-15. Nanotube formation envelope. Suggested zones of behavior relative to HAB
and 4. The area at high equivalence ratios is dominated by soot formation. Gray bars at 4 =
1.6 and HAB = 70mm represent conditions shown in TEM images previously.
Nanotube nucleation and growth in the premixed flame is greatly disrupted at higher
equivalence ratios where soot formation begins to dominate. At lower equivalence ratios,
the nanotube inception boundary would be expected to occur at higher HAB due to the
lower availability of carbon in the flame and may even cease altogether at low enough 4.
Furthermore, the duration (width) of the formation and growth interval would be
expected to broaden at lower equivalence ratios as the diffusive pathway would be likely
to remain active for longer at lower carbon availability. Conversely, as sooting conditions
are approached, the growth interval would become smaller as the nanotube growth
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becomes limited by surface deposition on the catalyst particles. Therefore, one would
anticipate that the formation 'window' described previously for 70 mm HAB would be
expected to occur at other HAB also but may exhibit different equivalence ratio limits.
5.7 A mechanistic interpretation of nanotube formation in flames
There are many structures present in the condensed material collected throughout the
flame that have been observed in the variety of TEM images displayed previously. These
structures include carbon nanotubes in discrete units, bundles and tangled webs; along
with discrete metallic particles and metal particles encased in carbon; and clusters of
particles that form soot-like necklace morphologies.
The range of structures indicate that there are many different processes occurring
throughout the flame. Flames are chemically complex systems in their own right with an
ensemble of gas-phase chemical reactions leading to fuel consumption and the formation
of intermediate species and final products. An additional level of complexity arises from
the interaction of solid materials in the flame that can give rise to many different
structures. The schematic diagram in Figure 5-16, attempts to summarize some of the
main processes occurring in a nanotube-forming premixed flame and to identify their
relative sequence and nature of interaction. The key processes include:
Gas-phase chemistry: The combustion chemistry that gives rise to the stationary
flame is due to the reaction of a hydrocarbon fuel species with oxygen that produces
carbon oxides and water as the byproducts. While this chemical transformation may
appear quite simple, it does in fact proceed by a very complex array of individual
reactions that consume the fuel and oxygen, forming intermediate species and finally
stable products. While the gas-phase chemistry is a field of considerable research focus in
its own right, for the purposes of this study the flame chemistry is considered as an
environment in which material synthesis occurs. In Figure 5-16 the gas-phase chemistry
is schematically represented as a function of HAB in the lower left corner. The
consumption of acetylene (C2H2) and oxygen (02) proceed across the flame zone
simultaneously with the formation of carbon monoxide (CO), carbon dioxide (CO 2) and
water (H20) product species. Note the dominance of CO product species. The gas-phase
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composition remains essentially unchanged for the remaining HAB. The gas-phase
reactions release heat giving rise to the high temperature of the flame environment. A
representative flame temperature profile is shown directly beneath the gas-phase
chemistry profiles in Figure 5-16. Note the rapid rise of the temperature across the flame
front followed by a slowly declining profile for the remaining HAB.
Figure 5-16. Idealized schematic diagram of the various processes present at various HAB
in the flame. The upper box gives a sense of the main process 'zones' and their relative
sequence in the flame.
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Iron pentacarbonyl chemistry: The addition of iron pentacarbonyl (Fe(CO) 5) to the
flame feed gases represents another dominant process that affects nanotube formation and
growth. The iron pentacarbonyl decomposes rapidly via a series of CO dissociation steps
to form Fe(CO) 4, Fe(CO) 3, Fe(CO) 2, FeCO, and finally leads to Fe. The Fe(CO)5
decomposition process is shown in the upper left of Figure 5-16.
Particle formation & coagulation: The formation of particles follows directly from
the decomposition of Fe(CO)5 to form Fe. The coagulative growth of particles from the
Fe based critical cluster leads to larger particles and a broadening of the particle size
distribution with increasing HAB. The particle growth process essentially generates a
population of particles available for growth of nanotubes and so acts as a precursor to
nanotube formation. The coagulation process proceeds at all HABs and generates a
population of particles that are present in the background to all other processes and
associated condensed material morphologies. The particle formation and growth process
is shown following directly on from the iron pentacarbonyl transformation chemistry in
Figure 5-16.
Surface reactions: The transition of carbon from the gas-phase to a solid phase
occurs as a result of a particle growth process where coagulated atomic clusters become
large enough to behave as condensed particles. The availability of condensed particles
leads to a range of heterogeneous reactions occurring on the particle surfaces. The main
reactions leading to nanotube formation are those associated with decomposition of
carbon bearing compounds to deposit elemental carbon. The primary reaction of this kind
is attributed to CO disproportionation. The surface reactions 'link' the carbon in the gas-
phase to the solid-phase, thereby opening up a carbon flux pathway feeding nanotube
formation.
Nanotube formation: The inception of carbon nanotube growth is governed by the
availability of metallic particles, sufficient availability of carbon in the gas-phase, and a
reactive pathway for passing the gas-phase carbon to the metal particles. The inception
point must therefore occur at a point where the 'right' conditions of the preceding gas-
phase chemistry, iron-based particle growth and surface reaction processes exist. Once
nanotube growth is initiated it appears to proceed rapidly, leading to nanotubes of various
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lengths associated with individual particles, as observed in the central sections of the
flame (Figure 5-6). The nanotube inception and growth zone occurs in an intermediate
HAB region and in Figure 5-16 is shown following from the particle growth process.
Nanotube coalescence: The upper region of the flame is dominated by the presence
of tangled nanotube 'webs' and networks of filaments decorated with solid metallic
particles each encased in carbon (Figure 5-6). These web-like networks appear to form
initially through the coalescence of individual nanotube units that interact strongly via
van der Waal forces and spontaneously align themselves to form axially aligned bundles
that diverge tangentially at intervals, leading to branched networks. The initial coalescent
formation of small nanotube web-like clusters leads to two ensuing mechanisms. One is
the coalescence of the clusters to form ever larger tangled webs of nanotubes and the
second is the decoration of the tangled networks with discrete particles. The coalescent
pathway follows directly from (and overlaps with) the nanotube inception and growth
region and proceeds for the remaining HAB (Figure 5-16).
Particle coalescence: Another coalescent pathway proceeds essentially as a
continuation of the particle growth process. The condensed material in the upper region
of the flame exhibits the presence of necklace-like clusters that appear to have formed
from coalescence of discrete metallic particles. At low HAB, the coagulative particle-
growth process leads to particles that approximate spheres, however in the upper regions
of the flame structures appear to be composed of primary particles derived from the
particles generated in the earlier regions of the flame. The cluster forming process is




Single-walled carbon nanotubes (SWNT) have been observed to form in a premixed
acetylene/oxygen/argon flame doped with iron pentacarbonyl vapor and operated at a
pressure of 50 Torr (6.7 kPa). The single-walled nanotubes occur in bundles associated
with metallic particles formed in-situ from the iron pentacarbonyl additive.
Thermophoretic sampling and transmission electron microscopy were used to
examine the structure of condensed material collected at various heights above burner
(HAB). The TEM images revealed an initial zone (<40 mm HAB) dominated by discrete
metal particles with a distribution of particle sizes. Nanotubes were observed to form as
early as 30 mm HAB and growth appears to proceed rapidly within the next 10 to 20 mm
HAB. An order of magnitude growth-rate for the nanotubes in this interval is between 10
and 100 tim per second. The upper region of the flame (50 to 70 mm HAB) is
characterized by tangled webs of nanotubes formed via the coalescence of individual
nanotubes formed earlier in the flame.
A range of operating conditions for nanotube formation were also evaluated. For
example, the effect of carbon availability in the flame on nanotube formation was tested
by collecting samples over a range of fuel equivalence ratios (4) at fixed HAB. The
morphology of the collected material revealed a nanotube formation 'window' of 1.5 <
< 1.9, with lower 4 dominated by discrete particles and higher 4 favoring soot-like
structures. A clear trend of improved nanotube quality (number and length of nanotubes)
is observed at lower equivalence ratios within this window. The concentration of iron
pentacarbonyl was also observed to have an influence with more filaments observed as
the concentrations increases, however the length (and quality) of the nanotubes is higher
at lower concentrations. These results were also verified using Raman spectroscopy.
The filamental structures observed in the TEM images were confirmed as single-
walled carbon nanotube bundles using high resolution TEM. The diameter of the tubes
appeared to be close to 1 nm. The yield of nanotubes per unit of carbon fed to the flame
was estimated as 0.1% (by mass), per unit of iron as 2.5%, and per unit of Fe(CO) 5 as




(1) JM Singer, J Grumer, Carbon formation in very rich hydrocarbon-air flames. I.
Studies of chemical content, temperature, ionization and particulate matter,
Seventh Symposium (International) on Combustion. The Combustion Institute,
1959, p. 681-91.
(2) K Saito, AS Gordon, FA Williams, WF Stickle: A study of the early history of
soot formation in various hydrocarbon diffusion flames. Combustion Science and
Technology 80 (1991) 103-19.
(3) HM Duan, JT McKinnon: Nanoclusters produced in flames. Journal of Physical
Chemistry 98 (1994) 12815-18.
(4) H Richter, K Hernadi, R Caudano, A Fonseca, H-N Migeon, JB Nagy, S
Schneider, J Vandooren, PJ Van Tiggelen: Formation of nanotubes in low-
pressure hydrocarbon flames. Carbon 34 (1996) 427-29.
(5) WJ Grieco: Fullerenes and carbon nanostructures formation in flames, Ph.D.
thesis, Massachusetts Institute of Technology, Cambridge, 1999.
(6) L Yuan, K Saito, C Pan, FA Williams, AS Gordon: Carbon nanotubes from
methane flames. Chemical Physics Letters 340 (2001) 237-41.
(7) L Yuan, K Saito, W Hu, Z Chen: Ethylene flame synthesis of well-aligned multi-
walled carbon nanotubes. Chemical Physics Letters 346 (2001) 23-28.
(8) W Merchan-Merchan, A Saveliev, LA Kennedy, A Fridman: Formation of carbon
nanotubes in counter-flow, oxy-methane diffusion flames without catalysts.
Chemical Physics Letters 354 (2002) 20-24.
(9) RL Vander Wal, TM Ticich, VE Curtis: Diffusion flame synthesis of single-wall
carbon nanotubes. Chemical Physics Letters 323 (2000) 217-23.
(10) MD Diener, N Nichelson, JM Alford: Synthesis of single-walled carbon
nanotubes in flames. Journal of Physical Chemistry B 104 (2000) 9615-20.
(11) RL Vander Wal, TM Ticich: Flame and furnace synthesis of single-walled and
multi-walled carbon nanotubes. Journal of Physical Chemistry B 105 (2001)
10249-56.
(12) RL Vander Wal, TM Ticich: Comparative flame and furnace synthesis of single-
walled carbon nanotubes. Chemical Physics Letters 336 (2001) 24-32.
(13) RL Vander Wal, GM Berger, LJ Hall: Single-walled carbon nanotube synthesis
via a multi-stage flame configuration. Journal of Physical Chemistry B 106 (2002)
3564-67.
(14) RL Vander Wal: Fe-catalyzed single-walled carbon nanotube synthesis within a
flame environment. Combustion and Flame 130 (2002) 37-47.
(15) RL Vander Wal: Ferrocene as a precursor reagent for metal-catalyzed carbon
nanotubes: competing effects. Combustion and Flame 130 (2002) 27-36.
125
.4
(16) RL Vander Wal: Flame synthesis ofNi-catalyzed nanofibers. Carbon 40 (2002)
2101-07.
(17) RL Vander Wal, LJ Hall, GM Berger: Optimization of flame synthesis for carbon
nanotubes using supported catalyst. Journal of Physical Chemistry B 106 (2002)
13122-32.
(18) RL Vander Wal, LJ Hall, GM Berger, The chemistry of premixed flame synthesis
of carbon nanotubes using supported catalysts, Twenty-Ninth Symposium
(International) on Combustion. The Combustion Institute, 2002, p. 1079-85.
(19) JB Howard, KD Chowdhury, JB Vander Sande: Carbon shells in flames. Nature
370 (1994) 603.
(20) K Das Chowdhury, JB Howard, JB Vander Sande: Fullerenic Nanostructures in
Flames. Journal of Materials Research 11 (1996) 341-47.
(21) JB Howard, K Das Chowdhury, JB Vander Sande, Production of fullerenic
nanostructures in flames, US Patent No. 5,985,232, Nov. 16, 1999, p.
(continuation of application no. 08/220,32, Mar. 30, 1994, abandoned).
(22) K Saito, FA Williams, AS Gordon: Effects of oxygen on soot formation in
methane diffusion flames. Combustion Science and Technology 47 (1996) 117-
38.
(23) A Goel: Combustion synthesis of fullerenes and fullerenic nanostructures, Ph.D.
thesis, Massachusetts Institute of Technology, Cambridge, MA, 2002.
(24) A Goel, P Hebgen, JB Vander Sande, JB Howard: Combustion synthesis of
fullerenes and fullerenic nanostructures. Carbon 40 (2002) 177-82.
(25) MD Rumminger, GT Linteris: The role of particles in the inhibition of premixed
flames by iron pentacarbonyl. Combustion and Flame 123 (2000) 82-94.
(26) MD Rumminger, GT Linteris: Inhibition of premixed carbon monoxide-
hydrogen-oxygen-nitrogen flames by iron pentacarbonyl. Combustion and Flame
120 (2000) 451-64.
(27) AS Feitelberg, JP Longwell, AF Sarofim: Metal enhanced soot and PAH
formation. Combustion and Flame 92 (1993) 241-53.
(28) C Janzen, P Roth: Formation and characteristics of Fe20 3 nano-particles in doped
low pressure H2/0 2/Ar flames. Combustion and Flame 125 (2001) 1150-61.
(29) CM Megaridis, RA Dobbins: Morphological description of flame-generated
materials. Combustion Science and Technology 71 (1990) 95-109.
(30) C Janzen: Personal Communication (to Height, M.J.) (2002).
126
qi - I
6 Characterization of flame-generated material
6.1 Introduction
The TEM images shown in previous chapters verified that the condensed material
collected from the flame is dominated by particles and filamental structures. A more
detailed assessment of the structure and composition of these materials is required in
order to identify the formation processes occurring in the flame. The techniques that have
been employed to characterize particulate and filament material collected were described
earlier in Chapter 3. The findings from these characterization studies are discussed in the
following sections.
6.2 Nanotube Characterization
The structures observed in the TEM images in previous chapters exhibit linear
structures that are dominated by a high ratio of length to width as illustrated in Figure
6-1. These filamental structures are likely to be nanotubes, however it is important to
characterize their structure to confirm the structures are graphitic and furthermore,
whether they are single or multi-walled. Carbon nanotubes are a difficult material to
characterize, with analysis heavily reliant on electron microscopy techniques, however a
variety of spectroscopic techniques are emerging to complement microscopy.
Figure 6-1. TEM image showing a network of linear filaments ( = 1.7, HAB = 70mm).
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6.2.1 Transmission Electron Microscopy
Transmission electron microscopy (TEM) analysis was performed using
JOEL200CX, 2000FX, and 2010 microscopes. The 200CX was useful for rapid
assessment of structures at low resolution while the 2000FX and 2010 were ideal for
high-resolution characterization of the nanotubes and associated metal particles. Typical
micrographs for the flame-generated material are shown in Figure 6-2 (also Appendix
12.6.7).
Figure 6-2. High resolution TEM images showing bundles of single-walled carbon
nanotubes. A) 9 = 1.6, HAB = 75 mm (200CX). B) + = 1.7, HAB = 70 mm (2000FX). The
pointer arrows indicate nanotube bundles.
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High resolution TEM images clearly show that the condensed filamental material is
composed of bundled single-wall nanotubes (Figure 6-2). The diameter of nanotubes is
often difficult to resolve quantitatively from TEM images. In general the diameter
appears to be about 1 nm (± 0.5 nm). The filamental material is dominated by single-
walled nanotubes with no multi-walled nanotubes observed in any of the flame material.
The preferential formation of SWNTs indicates a high degree of selectivity despite the
ensemble of competing processes occurring in the flame system. In Figure 6-2, also note
the close association of the nanotube bundles with the metallic particles.
6.2.2 Raman spectroscopy
Raman spectroscopy is a non-destructive technique that is capable of extracting bulk
nanotube structure information from a macroscopic sample size to complement nanoscale
structural details extracted from electron microscopy. Raman spectra for flame generated
material (collected from upper flange of burner chamber; j = 1.7) and commercial
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Figure 6-3. Raman spectra for flame generated material (bold line) and commercial plasma-
arc generated material (514.5 nm wavelength). The characteristic radial breathing mode
(RBM), G and D bands are also features of each spectra trace.
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A number of features are immediately apparent from the Raman spectra shown in
Figure 6-3. The flame generated material exhibits the radial breathing mode (RBM; 150
to 300 cm') and G-band (1587 cm-') that are distinguishing features of single-walled
nanotubes. Inspection of the Raman spectra confirms the flame material is dominated by
single-walled nanotubes, in agreement with TEM observations.
In comparison to the plasma-arc generated material (MER and CarboLex AP), the
flame-generated material has a number of differences. The RBM peaks for the flame-
generated material are shifted towards higher frequencies, indicating that the diameters of
the single-walled nanotubes are smaller than those of the plasma-arc material. The flame
material also shows a bimodal distribution. Deconvolution of the RBM peaks by fitting
Lorentzian curves reveals the contributing diameters that give rise to the spectra (3). The
dominant modes for the flame spectra indicate diameters between 0.9 and 1.5 nm,
whereas the dominant diameters for both plasma-arc materials are between 1.5 to 1.8 nm
(Figure 6-4). This difference in diameters between the two techniques may be due to a
number of factors including different catalyst species (Plasma-arc generally use Ni and/or
Co), processing temperatures, and gas-phase composition. The D-band corresponds to the
level of defects in the carbon material. Note that the flame-generated sample shows a
larger D band peak than the other spectra, which may be attributed to impurities, a higher
level of amorphous material, or more defects in the nanotube sidewalls.
The G-band, corresponding to tangential vibrations along the nanotubes, is very
similar for each of the materials, however the shape of the peaks are slightly different.
The flame-generated material has a broadening towards smaller wavelengths, indicating
that the material is expressing greater metallic character than the plasma-arc samples at
this particular wavelength. The Kataura plot indicates the range of feasible nanotube
structures and their associated resonant energy (4). The range of nanotube diameters for
each of the materials, along with the band corresponding to the laser irradiation energy
(514.5 nm; 2.41 eV), are overlaid on the Kataura plot in Figure 6-5. The figure shows that
the bimodal diameter distribution (from RBM modes) of the flame-generated material
corresponds to resonant modes of both metallic (interval 1A) and semiconducting
(interval IB) nanotubes (at 514.5 nm irradiation). The diameter range for the plasma-arc
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Figure 6-4. Radial breathing modes for flame and plasma-arc produced materials. The
flame generated nanotubes are a smaller diameter than the plasma-arc nanotubes.
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Figure 6-5. Adapted Kataura plot (4) showing nanotube structures and their associated
resonance energy. Open circles indicate semiconducting nanotubes while filled circles are
metallic. The gray shadow region corresponds to the incident laser wavelength of 514.5 nm
(2.41 eV). The vertical intervals indicate the range of diameters indicated by the RBM
peaks. Intervals 1A and 1B correspond to the flame generated material and interval 2 for
the plasma-arc material.
In general, the flame-generated nanotubes exhibit smaller diameters than the plasma-
arc material. Based on the irradiation wavelength of 2.41 eV and the Kataura plot (shown
above) we would expect the smallest diameter range (interval lA; 0.9 to 1.1 nm) to be
metallic nanotubes. The Breit-Wigner-Fano (BWF) lineshape describes the asymmetric
shape of metallic absorption spectra (4). The BWF line shape was fitted to the spectra of
the flame-generated material collected from the chamber flange and another sample
collected using a probe sampling method (both samples at 4 = 1.7). The BWF lineshape
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Figure 6-6. G-band asymmetry due to metallic nanotube absorption. The fitted Breit-
Wigner-Fano (BWF) line shapes (thin gray lines) show good agreement with the flame
sample spectra (solid bold lines). The agreement in the region 1400-1600 cm-1 (outlined by
dotted ellipses) confirms the presence of metallic nanotubes. Sample A was extracted from
the flame using the probe and filter technique and sample B was collected from the upper
flange of the burner chamber. (BWF parameters: 1/q = -0.32; r = 40 cm-'; oo = 1550 cm-1).
The BWF lineshape shows good agreement with the flame sample (bold line). The
remaining portion of the peak that is shifted towards higher frequencies (-1590 cm -') is
likely due to absorption from the semiconducting nanotubes of diameter 1.1 to 1.5 nm,
with the composition of the absorption peaks giving the overall lineshape. However, the
BWF lineshape corresponds well with the portion of the peak associated with metallic
nanotubes. The same BWF parameters were applied to a sample collected using a
different sampling technique and good agreement between the curves is also evident.
Therefore, the flame-generated nanotubes are indeed composed of metallic nanotubes as




Fullerenic nanostructures such as carbon fullerenes (C60 , C70 etc.) have been
observed to form in premixed flames operated over a range of conditions (5-7). Fullerene
formation is favored sooting flames while the nanotube structures observed in this study
were present under non-sooting conditions. A number of flame studies have observed
multi-walled nanotubes to form in flames without the presence of metals and fullerenes
may be a possible precursor to this growth. In order to test this formation hypothesis for
the current system, flame generated material collected from the upper flange of the burner
chamber (4 = 1.7) was analyzed for the presence of C60 and other fullerenes. A sample of
flame-generated material (1.75 mg) was subjected to an extraction procedure to dissolve
any PAH and fullerene material in toluene (8). A micropipette sample (20 pL) of the
toluene was then injected into an HPLC fitted with an analytical Cosmosil Buckprep
column (4.6 mm diameter) and variable wavelength detector to enable quantitative
analysis of the sample composition. A chromatogram of a sample extracted from flame-
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Figure 6-7. HPLC chromatogram showing composition of toluene soluble products
extracted from the flame-generated material. PAH and a small amount of C60 is present in
the sample.
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The HPLC analysis revealed that the flame-generated material contains a small
quantity of PAH molecules and a trace amount of C60. The measured quantities are very
low with 0.8 (±1.0) wt% PAH and less than 0.01 wt% C60. The HPLC analysis therefore
indicates that fullerenes are a trace component of the flame residue. The flame conditions
used in this study were at relatively low-equivalence ratios and non-optimal fuel for
fullerene formation and so the low-concentrations are not surprising. However, these
results indicate that fullerenes are most likely not the main source of carbon for the
nanotube formation processes occurring in this flame system.
6.3 Particle characterization
While carbon nanotubes are the desired end product of the flame synthesis, the
formation of metal particles is an essential component of the overall process. Iron
pentacarbonyl is used as a precursor compound and particle growth occurs throughout the
duration of the flame (Figure 6-8). The properties of the particles would be expected to
have a strong influence on the nanotube formation processes and so it is essential to
characterize the structure and nature of the particles.
Onm Itf1Enm
Figure 6-8. TEM images showing particles deposited onto a TEM grid rapidly immersed at
two separate heights in the flame (A = 20 mm; B = 40 mm). The gray background is the
amorphous carbon substrate on the TEM grid. The arrows in the lower right of each image
indicate typical metal-carbon particles.
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6.3.1 Transmission electron microscopy
Transmission electron microscopy (TEM) is the main technique for studying the
properties of the metal nanoparticles. TEM was used to characterize the size and number
distributions of the particles in the flame (Chapter 4) and high resolution (HRTEM)
images were useful for identifying the internal structure of the particles. A high resolution
image of metal nanoparticles produced in the flame is shown in Figure 6-9.
Figure 6-9. HRTEM image of metallic nanoparticles collected from a premixed
acetylene/oxygen/argon flame doped with Fe(CO)5 (4 = 1.6; 70 mm HAB). The crystal lattice
is visible for some particles.
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The particles shown in Figure 6-9 are around 10 nm in size and vary in shape from
near spherical to semi-rhombic. Crystal lattice structure is visible in many of the particles
indicating a high degree of internal order within the particles although it is not possible to
determine if this occurred at flame conditions or is an artifact of cooling to room
temperature. A small bundle of single-wall nanotubes is also present in Figure 6-9 and
metallic lattice structures are also visible in the particles shown in Figure 6-10. These
particles are embedded in amorphous carbon however the internal structure is again
apparent.
5n 5nm
Figure 6-10. HRTEM images of crystalline metal nanoparticles embedded in amorphous
carbon (s = 1.8, 70 mm HAB). The particle diameters are between 5 and 10 nm. The arrows
indicate the crystal lattice of the metal particles.
The particles produced in the flame often appear as discrete metal spheres that have
been encased in a carbon shell (Figure 6-11). These encased particles are observed as
discrete units, clusters, and also as decorations on nanotube structures. The metallic core
of these particles is clearly visible in contrast with the outer carbon layer. While the
internal structure may be crystalline, the outer shell may be amorphous carbon or
graphitic in nature with both outer structures observed in the flame samples. The encased
particles are often observed to coalesce into large agglomerate structures that are referred
to as 'soot-like' morphologies.
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Figure 6-11. Metal particles encased in a carbon shell. Note the dark inner region
representative of the metal core (A: 4 = 1.7; 75 mm HAB. B: 4 = 1.8, 70 mm HAB).
6.3.2 Diffraction
The composition of the particles associated with the nanotube bundles has been
investigated using electron diffraction(9). Diffraction pattern images were obtained for
particles in proximity of nanotubes in flame generated material. The JOEL 2010 electron
microscope operating with an accelerating voltage of 200 keV and camera length of 60
cm was used for the diffraction imaging. A typical diffraction pattern for the particles is
shown in Figure 6-12. Radial positions for the major diffraction bands observed in the
image are plotted in the frame immediately beneath the diffraction pattern. The measured
diffraction data is compared to simulated patterns for Fe20 3, FeO, and Fe generated by an
on-line computational routine(10). The simulated patterns are a useful guide to aid in
identifying the composition of the particles. The measured diffraction pattern exhibits a
range of bands between radial distances of 4 and 20 mm. Even though only the most
obvious bands have been identified in the diffraction image, it is clear that the pattern is
sufficiently complex that only the simulated iron oxide patterns show general agreement.
The Fe20 3 pattern gives the best comparison between the measurements and simulation,
indicating that particles associated with nanotubes may be iron oxides.
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Figure 6-12. Comparison of measured and simulated electron diffraction patterns for
particles associated with carbon nanotubes. Upper frame shows the observed diffraction
pattern (200 keV, 60 cm camera length). Simulated patterns for Fe20 3, FeO, & Fe from
(10).
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6.3.3 Scanning Transmission Electron Microscopy
Scanning transmission electron microscopy (STEM) is particularly useful when used
in tandem with x-ray analysis in order to generate maps of composition that can be
directly correlated with position on the sample. STEM coupled with energy dispersive x-
ray spectroscopy (EDXS) provides elemental mapping to a size resolution level of 1 nm.
STEM and EDXS measurements were performed using a VG HB603. Elemental
composition maps of iron, oxygen and carbon were measured on flame-generated
material collected from the flame using thermophoretic sampling. STEM and EDXS
composition maps for these samples are shown in Figure 6-13 (4 = 1.6).
Figure 6-13. STEM bright field image of a nanotube network and associated EDXS
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The bright field image in Figure 6-13 is typical of the nanotube networks shown in
previous chapters. The network of nanotube structures is tethered to an amorphous
carbon substrate (lower left) and overhangs a hole in the substrate, giving the contrast of
the nanotube bundles crossing between the particles. The EDXS composition map for
iron (Fe) shows strong relative signal intensity at spatial positions corresponding to the
particles in the bright field image, indicating the iron is localized to the particles. There is
also correlation between the oxygen (0) and the particles, indicating that the particles
may be iron oxides. However, the intensity of the oxygen signal is much lower than that
of iron and the signal correlating with the amorphous substrate (lower left) indicates that
this may also be due to surface adsorption of oxygen (or water) on the condensed
material. The composition map for carbon shows a weak and noisy signal, yet the carbon
substrate is clearly discernable. Some nanotube structures are also visible in the carbon
map however the cross-section of the nanotubes is very small and so any x-ray signal will
be very weak. Also note the strength of carbon signal associated with the particles,
indicating that carbon to be present in conjunction with the metal particles.
The EDXS composition maps are obtained by monitoring the intensity of x-ray
spectrum lines corresponding to specific elements as the electron beam is scanned across
the sample. An EDXS spectrum corresponding to a close-up scan of a particle associated
with a nanotube is shown in Figure 6-14. While the intensity images shown previously
are useful for visualizing the spatial arrangement of elements in a sample, it is also
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Figure 6-14. EDXS spectrum for particles shown in the inset image. Characteristic peaks
are visible for Fe, 0, and C. The asterix peaks are impurities (* Si and ** P) respectively.
The dark peaks are gaussian peak fits used to calculate elemental composition.
The EDXS spectrum gives a measure of signal intensity corresponding to the
dispersed x-ray energy. Each peak may be fitted with a gaussian lineshape and the area
beneath the peak is proportional to the quantity of element present in the sample. The
Cliff-Lorimer equation describes the relationship between the measured EDXS signal
peaks and the relative mass composition assuming a thin-film (Equation 6-1).
C A  EBKB IA  (6-1)
= (6-1)C, EAKA IB
where Ci is the concentration of component i (wt%), Ii is the integrated peak intensity for
the peak corresponding to component i, ei are detector efficiency factors, and Ki are x-ray
generation constants for a particular microscope voltage (kV). Zaluzec (11) describes a
method for standardless EDXS analysis and tabulates efficiency constants for common
microscope configurations. The Cliff-Lorimer equation and constants extrapolated from
Zaluzec's tables were used to estimate the ratio of iron to oxygen from the EDXS
spectrum shown in Figure 6-14. The values used in the calculation are listed in Table 6-1.
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Table 6-1. Values used to determine elemental composition from the EDXS spectrum.
Parameter Iron (Fe) Oxygen (0) Source
Peak area (1) 9784.15 4504.18 Figure 6-14
Detector efficiency (c) 1.0 1.0 Assumed*
X-ray generation constant (K) 1.23 x 10-24 1.42 x 10-24 Extrapolated (11)
Mass % 71.5 28.5 Calculated
Mole % 41.8 58.2 Calculated
Mole ratio 1.0 1.5 Calculated
* Detector assumed to be equally efficient for both iron and oxygen signals.
The above calculation is based on the assumption that the sample thickness is
sufficiently thin that re-absorption of generated x-rays is kept to a minimum. The
criterion (y) to test the validity of the thin-film approximation is given by Equation 6-2
(11).
PL sin0
- pt ABCOS(-E) <  0.11 ]AB COS 0- E
where p is the material density, t is the depth of x-ray production, is the mass
P AB
absorption coefficient for component A in matrix of A and B evaluated using the KI x-
ray line (cm 2/g), 0 is the angle of electrons incident to the sample surface, and OE is the









p 7.8 (g/cm 3) Assume same as Fe
t 20 x 10-7 cm (20 nm) Estimated from TEM image
L - 73 (for Ka= 6.4 KeV) Ref(12)
I- 1300 (for Ka = 0.53 KeV) Ref (12)
Criterion (y) Fe - 0.0016 O ~ 0.0286 Calculated from Eq (6-2)
The criterion for both the iron and the oxygen components are each less than 0.1 by
at least one order of magnitude and so the criterion is easily satisfied for both
components, and therefore the composition as calculated in Table 6-1 does not require
any absorption correction. The calculated mole ratio of iron to oxygen indicated by the
EDXS spectrum is 1:1.5 (Fe:O) which corresponds to Fe20 3. This indicates that particles
closely associated with carbon nanotubes are most likely iron oxides.
6.3.4 X-Ray Diffraction
The STEM and EDXS composition analysis is limited to a small sample area.
Powder x-ray diffraction (XRD) is a technique that is useful for determining structure of
thin-films based on a macroscopic sample and so serves as a a complementary method to
the EDXS. Two samples, obtained from the combustion system, were analyzed with a
Siemens D500 diffractometer. One sample was collected from the flame-generated
material accumulated on the upper flange of the combustion chamber produced under ) =
1.7 flame conditions. The other sample was a small amount of residue collected from the
burner-face under the same flame conditions. The material collected from the upper-
flange is representative of carbon material present in the flame exhaust as confirmed by
TEM analysis shown in Chapter 5. The burner face residue is material formed prior to the
luminous flame region under conditions where oxygen is readily available and so iron
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oxides would be expected to be present here, and this was indeed clear from visual
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Figure 6-15. Powder X-ray diffraction (XRD) spectra. (A) Flame generated material
collected from the exhaust of the flame, (B) Fe20 3 residue collected from the burner face.
The burner-face residue spectrum is dominated by Fe20 3 peaks with the iron oxide
present in both hematite and maghematite structures. In contrast, the spectrum for the
flame-generated material shows two main peaks at 430 and 450 that are associated with
iron carbide (Fe3C) and pure iron (Fe). A number of small peaks that correlate well with
features of the Fe20 3 spectrum are also discernable between 240 and 420. The flame-
generated material is clearly dominated by iron and iron carbide, however iron-oxide is
also present yet at a much lower concentration.
The EDXS and XRD analysis gives an interesting perspective of the role that
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iron in the system as anticipated by thermodynamics (chapter 4), with a small component
of Fe 20 3 also present. The EDXS results indicated the presence of both iron and oxygen
in association with the nanotube structures and quantitative analysis of the EDXS spectra
indicated the form to be Fe 20 3. These observations indicate that nanotube growth may be
promoted by both iron and iron oxide. Another possibility is that the relatively low yield
of nanotubes relative to the mass of iron fed to the flame (2.5 wt%) may be due to growth
activity being limited to particles composed of iron oxide which is a minor component
relative to the total iron present in the flame. Based on this reasoning, it may be possible
to promote nanotube growth in flames by injection of fine iron-oxide particles into the
flame or tailoring the flame to generate higher levels of metal oxides. This will be




The range of solid materials generated in the flame includes metal particles,
filamental carbon structures and complex agglomerates exhibiting a soot-like
morphology. A variety of techniques have been employed to characterize the composition
and structure of these materials, including transmission electron microscopy (TEM, low
(LR) and high (HR) resolution), Raman spectroscopy (Raman), high performance liquid
chromatography (HPLC), scanning transmission electron microscopy (STEM) coupled
with electron dispersion x-ray spectroscopy (EDXS), and powder x-ray diffraction
(XRD). The characterization results and methods used for the flame-generated materials
are summarized in Table 6-3.
Table 6-3. Summary of material characterization conclusions and associated techniques.
Technique used
Properties concluded from
material characterization TEM TEM STEM Raman HPLC EDXS XRD(LR) (HR)
Nanotubes
Nanotubes in bundles X X X
Single-walled (SWNT) X X X
Diameters 0.9 to 1.5 nm X X
Metallic chirality (514 nm) X
Negligible C60 present X
Particles
5 to 10 nm assoc. with NT X X X X
Crystal lattice in particles X X
Carbon encased metal core X X
Fe20 3 assoc. with NT X X X
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7 Formation mechanism & model
7.1 Background
Many nanotube synthesis techniques have been identified in the last decade of
nanotube research. Despite the wide range of both synthesis techniques and conditions,
there are three common elements required to form carbon nanotubes: 1) a source of
carbon, 2) a source of heat to give an appropriate temperature, and 3) the presence of
certain metals. The prevailing mechanism for how these components interact is a
dissociation-diffusion-precipitation process where elemental carbon is formed on the
surface of a metal particle followed by diffusion and precipitation in the form of
cylindrical graphite (Figure 7-1). The effect of various process parameters on nanotube
growth has been studied extensively in the literature and these observations provide
additional insight into the mechanism of nanotube growth. This chapter aims to examine
nanotube formation in detail and to identify key aspects of the nanotube formation
mechanism responsible for the formation of nanotubes in the flame environment.






Figure 7-1. Illustration of the nanotube formation mechanism showing the consecutive
dissociation(1), diffusion(2), and precipitation(3) steps. The insert graphic shows the i) Root
and ii) tip growth configurations where the nanotube grows in front (i) or trailing behind
(ii) the catalyst particle.
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7.1.1 Influence of temperature
Temperature is a parameter that has been found to have a significant influence on
nanotube formation and growth. Carbon nanotubes have been observed to form at
temperatures as low as 400 oC (1) through to temperatures as high as 3600 oC (2), with
many different synthesis techniques operating in temperature intervals within this broad
range. Multi-walled nanotubes are favored at temperatures between 500 to 1000 C while
single-walled nanotubes tend to be found at higher temperatures (above 900 oC) although
Hornyak et al. (3) observed SWNT to form between 680 to 850 oC in a CVD system. Lee
and coworkers (4) examined the temperature dependence of nanotube growth over the
range of 800 to 1100 oC and observed an increase of multi-walled nanotube diameter and
growth rate with increasing temperature (Figure 7-2). Lee et al. also estimated the
activation energy for nanotube growth as 30 kcal/mol and attributed increasing growth
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Figure 7-2. A) Growth rate and diameter variation with temperature. B) Arrhenius plot for
the growth of multi-walled carbon nanotubes (4).
7.1.2 Influence of pressure
The effect of pressure on nanotube growth has not been examined in great detail as
the bulk of nanotube literature presents studies conducted at ambient pressures.
Nonetheless, a few studies were reported that nanotubes can form at both sub-
atmospheric and high-pressures. For example, the HiPCO (High Pressure Carbon
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Monoxide) process uses carbon monoxide pressures of 30 to 50 atmospheres and
temperatures between 900 and 1100 C (5). Higher SWNT yields were attributed to
enhanced catalytic disproportionation of CO at higher pressures. Smaller nanotube
diameters were also observed at higher pressures (6). Maser and coworkers (7) examined
the formation of plasma-arc derived SWNT at pressures between 400 and 100 Torr and
observed a drop-off of nanotube formation below 100 Torr where amorphous carbon was
favored. However, the source of this influence was attributed to heat transfer effects in
the experiment. Li and coworkers (8) studied the variation in nanotube morphology
synthesized using a CVD technique operated at pressures between 0.6 and 760 Torr and
observed nanotube yield to increase with increasing pressure. The influence decreased at
pressures above 600 Torr coupled with an increasing proportion of bamboo-type
morphologies. Shi et al. (9) operated a plasma-arc process at two atmospheres pressure
and observed an increased yield of nanotubes. Saito and coworkers (10) varied the helium
pressure in a plasma-arc process between 50 and 1520 Torr and observed a decrease in
nanotube diameter from 1.4 to 1.0 nm as pressure decreased (Figure 7-3), an effect they
attributed to increasing local temperature at higher pressures.
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Figure 7-3. Diameter change with pressure from a plasma-arc process (open and closed data
points correspond to material collected from cathode and chamber wall respectively) (10).
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7.1.3 Influence of gas composition
Reactants: Carbon nanotubes have been observed to form from numerous sources of
carbon. The most commonly reported compounds include CO (6), hydrocarbons such as
CH 4 (11), C2H2 (12), C6 H6 (13) and more complex compounds such as xylene (C8H1o)
(14). Nanotubes have also been observed to form from sources of elemental carbon such
as fullerenes (15) and carbon black (16,17). Safvi and coworkers (18) recognized that the
growth rate of carbon filaments from metal catalysts is linearly proportional to the gas-
phase carbon activity and proposed a model to account for nanotube growth. Favorable
conditions for nanotube growth for each carbon source compound depend on
temperature, pressure, co-reactant species, and choice of catalyst metal. As a result of this
multidimensionality, a wide range of reactant mixtures corresponding to specific
temperatures, pressures, and catalyst metals have been reported in the literature.
Hydrogen: The formation of carbon nanotubes is sensitive to the presence of
hydrogen. Bladh et al. (19) investigated the effect of hydrogen content in a reactant
mixture of C2H2, CO and Fe(CO) 5 using a floating catalyst CVD technique (see Chapter
1) operated between 700 and 1000 'C. An increase in SWNT yield was observed with
increasing hydrogen addition. The proposed source of this effect is an increased rate of
CO dissociation due to hydrogenation, or a catalytic influence of the co-adsorbed
hydrogen on CO disproportionation (Boudouard reaction). Herreyre and Gadelle (20)
report that hydrogen concentrations as low as 0.2 % are capable of inducing filament
morphologies and propose that the hydrogen could 'clean' the metal surface via
conversion of coke to methane, or could act more directly by modifying the carbon/metal
interaction or metal lattice restructuring. Alternatively, Nolan et al. (21) assert that
hydrogen plays a crucial role in satisfying the valences (stabilizing dangling bonds) at the
free edge of graphite planes. The observation of clean, open-ended nanotubes in a
hydrogen arc-discharge process by Wang et al. (22) tends to support the stabilizing
influence of hydrogen. A similar stabilizing influence is observed with bonds derived
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Figure 7-4. Relative amount of SWNT material as a function of H2 content (19).
7.1.4 Influence of additives
Sulfur: Bethune (24) reports a dramatic increase (up to an order of magnitude) in
SWNT production efficiency with the addition of sulfur (or bismuth) to a plasma-arc
process using cobalt as the catalyst. He also describes the broadening of nanotube
diameter distribution when using sulfur, bismuth, and also lead additives (See Figure
7-5). Sulfur is attributed to impart a stabilizing influence on dangling graphitic bonds.
Cheng et al. (13), using a floating catalyst technique based on iron metal, benzene and
hydrogen gases, and temperatures of 1100 to 1200 oC, report a SWNT promoting effect
of adding thiophene (0.5-5 wt%). Alvarez et al. (25) suggest that sulfur may also
enhance nanotube growth by lowering the eutectic temperature of the metal/carbon
mixture in the catalyst particle.
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Figure 7-5. Influence of sulfur on SWNT diameter distribution (24).
Ammonia: The presence of nitrogen can induce a number of interesting effects on
nanotube growth. Choi et al. (26) co-injected ammonia with acetylene using a CVD
technique with nickel metal catalyst and temperatures between 600 and 950 oC, observing
a marked increase in nanotube alignment (Figure 7-6). The suggested mechanism for the
ammonia effect is the inhibition of amorphous carbon. Jung and coworkers (27)
attributed the growth of aligned nanotubes to the interaction of NH3 with the catalyst
surface and suggest that free nitrogen atoms enhance formation of graphitic carbon and
also improve separation kinetics of the graphitic layer from the surface. Lee et al. (28)
observed the formation of 'bamboo' structures with internal compartments during
pyrolysis of ammonia, iron pentacarbonyl and acetylene mixtures between 750 to 950 oC.
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Figure 7-6. Carbon nanotubes synthesized on Ni film. (A) C2H2 without NH 3 at 800 oC, (B)
C2H2-NH 3 (50 vol%) at 850 oC (26).
7.1.5 Influence of catalyst metal
Although multi-walled nanotubes have been found to form both with and without the
presence of metals, the synthesis of single-walled nanotubes requires the use catalyst
metals. Numerous metals have been identified as catalysts capable of forming single-
walled nanotubes, with the most commonly used metals being iron (6), nickel (29), and
cobalt (30). Other metals that have been identified include molybdenum (31), rhodium,
platinum (10), vanadium (32), yttrium (33), magnesium (34), tungsten (35), and copper
(36) however these metals are generally used in conjunction with Fe, Ni, or Co.
Nanotubes have also been observed to form from other metal based structures such as
Fe20 3 (37), Fe-A120 3 (38), and LaFeO3 (39). Greatly improved yields of nanotubes have
been observed for mixtures of catalysts such as Fe/Ni and Co/Ni (34). Nanotube
crystallinity, chirality, diameter and growth rate are all factors influenced by the type of
metal catalyst employed (40). Different substrates for catalyst particle support have also
been examined with catalyst particles in surface deposition CVD studies, with typical
substrates including quartz (14), silica, zeolites and alumina (41). The effectiveness of
various catalysts for nanotube synthesis are a function of temperature, pressure, gas-
phase composition, substrate type, catalyst composition, and particle size. The stated
optimal catalyst choice under one set of experimental conditions is likely to be ineffective
at different conditions.
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7.1.6 Influence of particle size
The size of the catalyst particles is often cited as a having a large influence on the
nature of synthesized nanotubes. Li and coworkers (37) synthesized Fe20 3 particles with
well-defined diameter distribution and observed close correlation of nanotube diameter to
the catalyst particle size during CVD synthesis in CH 4/H2 at 900 'C supported on SiO2.
The structures were observed to have a closed-cap on the growing tip of the tubes,
indicating a base-growth mechanism with the particle diameter dictating the diameter of
the associated nanotube. Dai et al. (42) observed close correlation between catalyst
particle diameter and associated nanotube diameter and proposed the 'yarmulke'
mechanism to account for this growth, where a graphitic cap with size determined by the
particle diameter breaks off the surface and a nanotube forms in the wake of the cap.
Figure 7-7. SWNT growth from discrete Fe20 3 catalyst particles. Arrows indicate Fe203
catalyst particles and spherical end-caps (scale bar 10 nm) (37).
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Wang et al. (33) report that, for a plasma-arc process using Y/Ni catalyst, the
concentration of catalyst influences the yield of nanotubes but has little effect on
nanotube diameter, indicating to some extent an independence of nanotube properties to
particle size, although there is no direct measurement of particle size in the text.
Kukovitsky and coworkers (43) report that at lower temperatures (700 'C) nanotube
diameters (MWNT) reproduce the original particle size distribution, whereas at higher
temperatures (>800 oC) the nanotube diameters follow a gaussian distribution
independent of particle size. There are certainly many instances where the nanotube
diameter is dictated by the catalyst particle size, however there are also studies reporting
no significant effect of particle size. This range of behavior indicates a plurality of
mechanisms are capable of synthesizing nanotubes.
7.2 Rationalization
Many techniques, reactants, catalysts, and conditions have been used to synthesize
carbon nanotubes. Because many combinations of factors and molecular processes
interact to synthesize nanotubes, it is difficult to identify underlying mechanisms of
nanotube growth. Nonetheless, despite the plurality of parameters and range of influences
described previously, the nanotube formation process for single-walled carbon nanotubes
can be considered as the interaction of three fundamental processes: 1) Catalytic
deposition of carbon on the surface of a metal, 2) Diffusion transport of carbon over or
through a metal particle, and 3) Precipitation of the carbon in the form of a hollow
graphitic tube. Each of these process steps are discussed in more detail as follows.
7.2.1 Catalysis on metals
Deposition of elemental carbon on the surface of a metal particle is often cited as the
first step in the nanotube formation. Catalytic decomposition of carbon-bearing
compounds such as carbon monoxide and hydrocarbons on the surface of metals is
generally believed to be the origin of the carbon deposition process. Surface catalysis and
carbon deposition have been widely investigated for a number of decades with a focus on
the coking of catalysts and reactor walls and chemistry associated with Fischer-Tropsch
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synthesis. These studies have characterized many aspects of reactions leading to carbon
deposition on metal surfaces (44).
There are three main reactions that have been identified for deposition of carbon on
metal surfaces from hydrocarbons and carbon monoxide. 1) Hydrocarbon cracking, 2)
CO reduction/hydrogenation, 3) CO disproportionation (Boudouard reaction) (45,46).
1. CxHy metal xC solid + YH 2  Cracking2
2. CO + H2 metal Csolid + H 2 0 Reduction
3. 2CO meta'> Csolid + CO 2  Disproportionation-solid
In systems where CO is the main carbon-bearing species, the disproportionation and
hydrogenation reactions are the primary pathways for carbon deposition. Geurts and
Sacco (45) performed measurements on the relative rates of the Boudouard and
hydrogenation (reduction) reactions on Fe and Co foils at 900 K and identified
hydrogenation as the main reaction for carbon deposition and carbide formation. In
systems with low concentrations of hydrogen, disproportionation dominates the carbon
deposition flux and it is the Boudouard reaction that is often attributed as the dominant
reaction driving carbon nanotube growth (6). Disproportionation can also proceed on
metal oxides such as Fe203 and Fe30 4 (47).
The kinetics of the Boudouard reaction on metal surfaces have been investigated by a
number of authors. CO dissociation on ot-iron was investigated by Tsao et al. (48) over a
temperature range of 903 to 1027 K. CO dissociation was attributed to disproportionation
reactions on iron and graphite, and an iron-carbide forming reaction and rate constants
were evaluated using gravimetric techniques. The activation energy for carbon deposition
on iron was reported as 3.7 x 107 J/kg-mol. Tavares and coworkers (49) investigated CO
disproportionation on nickel catalysts and evaluated kinetic parameters based on a
gravimetric technique. The kinetic expressions from the Tsao et al. (48) and Tavares et
al. (49) studies are summarized in Table 7-1.
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Table 7-1. Kinetic expressions for CO disproportionation.
Expression(s) T (oC) Parameters Metal Ref
S(kA) P cO - PCO,eq] k2 = 1.7-2.9 x10-6 [m/s]
RT r PCOeq Ar = surface area
p 2  k = 8 x 1015 (units not
r = C20-440 given in text) Ni (49)
[1+ KAPCO2 (20 kPa) KA = 6.4 - 31.2
CO disproportion on metals is a very complex system to study as the surface
reactions are confounded by transformations of the surface structure and bulk
composition of the solid as the reaction proceeds. The structural changes with the catalyst
metal surface make determining kinetics of these reactions difficult and often ambiguous.
Computer simulations and modem density-functional approaches may be of benefit to
estimate the inherent surface kinetics independent of other complicating effects.
One of the main features of carbon deposition on metals is the simultaneous
migration of carbon into the metal structure, often accompanied by the formation of metal
carbides (eg. Fe3C). The formation of carbides is frequently reported as the cause of
nanotube growth de-activation (50). The influence of carbide content on carbon
deposition processes is illustrated in Figure 7-8.
0 0.2 0.4 0.6 0.8 1
Mass fraction of iron in Fe3C
Figure 7-8. Evolution of carbon deposition rate with Fe3C composition at 808 K (20).
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The deposition of carbon on metal surfaces is also governed by the composition of
the gases above the metal. The rate of carbon deposition is proportional to the
concentration of carbon-bearing species (carbon activity) in the gas mixture (18) however
it can also be influenced by other species. Sacco and coworkers examined the deposition
of carbon on metal surfaces for gas mixtures containing CO, H2, CH 4, C0 2, and H20 and
observed that deposition was influenced by the relative proportions of all gaseous species








Figure 7-9. Iron/iron-oxide/iron-carbide gas equilibria at 900 K, 1 bar. Dark points indicate
weight gain on the metal surface while open points are no weight gain (51).
The amount of CO and hydrocarbon available in the gas mixture is obviously a
primary factor governing carbon deposition, however the presence of H2, CO2, and H20
can also have a mediating influence based on the interactions described in the three
deposition reactions shown previously. Increasing the level of H2 can increase the flux of
the hydrogenation reaction as is seen in many nanotube studies (19). Increasing the
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concentration of CO by increasing the system pressure can increase the flux of the
disproportionation reaction (6). Increasing the amount of H2, CO2 and H20 in the system
would also be expected to have an effect in suppressing flux from each of the three
reactions. Other species can also have an effect on the deposition rate by occupying
surface sites on the catalyst surface and through competing reactions. The importance of
gas-phase composition on nanotube growth is illustrated well by Vander Wal's study of
nanotube growth on substrates immersed in flames where an envelope of CO and H2
concentrations give nanotube growth (Figure 7-10). It is likely that this effect is driven













Figure 7-10. H2 and CO mole fraction map for various premixed flames showing envelope
of conditions where nanotubes are observed to form on a catalyst substrate (52).
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7.2.2 Carbon diffusion
After deposition of the carbon on the surface of the metal, a diffusive process
transports the elemental carbon to the opposite side of the particle. This transport may
proceed via surface diffusion or internal (bulk) diffusion, however internal diffusion is
generally assumed to be the dominant pathway for nanotube growth (53).
Internal diffusion: The diffusion of carbon in metals is an area of considerable
interest in metallurgy. In fact, the diffusion of carbon in iron is the fundamental basis
behind steelmaking - one of the oldest and most influential industries. The diffusivity of
carbon in iron has been investigated by Tibbetts (54), McLellan et al. (55), Agren (56),
and Kucera et al. (57). Experimental diffusivity relationships and specific values for iron
and some other metals are listed in Table 7-2 and compared in Figure 7-11 as a function
of temperature.
The diffusivity is strongly influenced by temperature, and at temperatures above
1000 oC the diffusivity of carbon in metals can be of order 10-7 cm 2 /s or more. Assuming
a diffusivity of 2.5 x 10-7 cm 2/s for carbon diffusivity in iron at 1000 oC (56), and a
particle diameter of 10 nm, the characteristic time for carbon diffusion through the
particle is of order 1 microsecond. This characteristic time is much faster than that for
surface diffusion, indicating that internal diffusion may be the dominant pathway for the
carbon flux. Further support to this theory is provided by Baker et al. (50) who compared
the activation energies for filament growth and for carbon diffusion and found that these
values correlated very closely as shown in Figure 7-12.
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Table 7-2. Carbon diffusivity in various metals.
Metal Diffusivity (cm T range Ref(OC)
(37000-6600C)D = 0.47exp(-1.6C).exp (37000-6600C)
RT
Fe 975-1075 Tibbetts (54)





-38-827(BCC) Do = 4.876 x 103 cm 2/s Wasz (55)
Q = 80.64 kJ/mol
D = A1+yc(1-yc) exp - -C (D-ycE)
xCX,
YC where xc is the carbon mole fraction
1-xC
y-Fe A = 4.53 x 10- cm2/s 750-1305 Agren (56)
B = 8339.9 K
C = 2.221 x 10-4 K
D = 17,767 J/mol
E = 26,436 J/mol
Ni 4.0 x 10- 700-750 Yang et al. (58)
1.0 x 10 7  700
Pt Yang et al. (58)
1.2 x 10 7  800
5.0 x 10-9  550
1.5 x 108  600
Pd Yang et al. (58)
3.5 x 10-8  650
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Figure 7-12. Comparison of diffusion & filament growth activation energy (data from (50)).
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While the rapid diffusion of carbon in certain metals can lead to the formation of
carbon nanotubes, the properties of this diffusion can also explain additional aspects of
nanotube formation. Mixed catalysts have been found to give greatly improved yield of
nanotubes (34). This observation could possibly be attributed to reorganization of the
metal lattice to give wider spacing of the crystal planes which can in turn allow improved
diffusive transport of carbon atoms through the bulk. Another possibility is that the
addition of another metal component (or another impurity such as sulfur) can lower the
binding energy of the metal with carbon atoms, giving improved diffusivity.
Surface diffusion: Surprisingly there is very little quantitative information on the
surface mobility of carbon or CO on metal surfaces. Sorescu et al. (59) performed first-
principles calculations on the adsorption, diffusion and dissociation of a CO molecule on
the surface of iron (Fe(100) surface) and predicted an adsorption energy between 44 and
47 kcal/mol, dissociation energy barrier of 24.5 - 28.2 kcal/mol and surface diffusion
activation energy of 2 to 13 kcal/mol. Xiao et al. (60) measured the diffusivity of CO on
the surface of Ni(1 10) subjected to various levels of impurities. The measured diffusion
activation barriers were 2 to 3 kcal/mol for clean surface with CO, and up to 7 or 8
kcal/mol at high impurity coverages giving values in agreement with the range reported
by Sorescu and coworkers (59). A typical prefactor reported by Xiao is 5x10-'0 cm2 /s.
Xiao et al. (60) also found S to have a greater impeding effect than O. The characteristic
time for diffusion can be determined using the diffusion relation L2 = Dr where L is the
characteristic length, D is the diffusivity and - is time. Using the parameters reported by
Xiao et al., a CO molecule diffusing to the opposite side of a 10 nm sphere at 1000 K, the
characteristic time is of order 10 ms.
The impeding influence of sulfur and oxygen impurities on surface diffusion, as
reported by Xiao and coworkers (60), gives us some insight as to why sulfur addition
may enhance SWNT formation. The presence of sulfur (or ammonia?) on the surface of
catalyst particles would lower surface diffusion rates and therefore internal diffusion may
be selectively favored as the flux pathway for carbon, leading to ordered SWNT
precipitate from the internal lattice structure.
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7.2.3 Carbon precipitation
The third process of nanotube formation involves the precipitation of carbon from
the surface of the metal in the form of a cylindrical graphitic shell. Lucas et al. (61)
discuss the energetics of nanotubes and in particular the energy transformations
associated with 'rolling' a nanotube from a plane of graphite. The strain energy of a
graphitic sheet grows significantly as it increases in curvature, yet the closing of the
dangling bonds at the edge of the graphene sheet gives a stable tube structure that is more
energetically stable than the initial graphite (Figure 7-13).
The large energy penalty for forming a nanotube from a planar graphene sheet
indicates that the most likely means for forming the nanotube is formation directly to the
closed shell structure upon precipitation from the metal surface. The 'yarmulke'
mechanism proposed by Dai et al. (42) accounts for the need to stabilize dangling bonds
by invoking a spherical cap forming on the metal surface initially, followed by lift-off
and nanotube growth in the wake of the cap. The curved structure minimizes dangling
bonds and it has been proposed that additives such as sulfur and alcohol can also stabilize
dangling bonds (24). Another alternative is that carbon atoms diffusing through the metal
particle emerge from the lattice planes in a template fashion, with shape constrained by
the lattice geometry, forcing the tubular form. The uniform diameter and constant
chirality along the length of single-walled nanotubes supports the notion that the metal
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Figure 7-13. Deformation energy of a graphene sheet & formation of a closed nanotube (61).
7.2.4 Growth models
There are a number of models for nanotube growth that attempt to describe the
overall formation process. Tibbetts and coworkers (62) proposed an adsorption-diffusion
isotherm for filament growth from methane cracking on iron particles and also performed
some analysis on the dominant processes in nanotube formation. Tibbetts concluded that
temperature difference across the particle is not responsible for carbon diffusion, rather
that supersaturation of the iron phase leads to a concentration gradient and diffusive flux,
and that the bulk diffusion flux dominates surface diffusion. Safvi et al. (18) developed
adsorption-diffusion models that demonstrated the dependence of growth rate on gas-
phase carbon activity. Snoeck et al. (63,64) developed models incorporating surface
catalytic reactions, carbon diffusion, and precipitation and cited supersaturation of the
metal and an internal concentration gradient as origins of the internal diffusive flux.
Laplaze et al. (2) propose that the nanotube growth process is strongly related to the
nature of liquid-solid transformations and carbon solubility, and went on to rationalize
nanotube growth using metal-carbon equilibrium phase diagrams. The need for liquid
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catalyst particles for the formation of SWNT is cited by Gorbunov et al. (65). In their
work, small particles (<10 nm) may remain molten at temperatures much lower than the
eutectic temperature, with the optimal temperature for SWNT formation at 100 to 200 K
lower than the eutectic temperature. Gavillet et al. (66) also support the requirement of a
liquid-solid-liquid interaction yet demonstrate that the amount of carbon present in a
supersaturated catalyst nanoparticle is not sufficient to account for the length or number
of nanotubes observed in practice. This suggests that carbon must be supplied
continuously to the particle in order to give prolonged growth.
Most attempts at modeling nanotube growth generally rely on empirically derived
coefficients corresponding to very specific synthesis techniques and system conditions,
making generalized rationalization of nanotube formation a difficult task. There have
been a limited number of modeling studies that have attempted to describe nanotube
growth in a more fundamental manner. Dateo and coworkers (67,68) developed a model
for the HiPCO process based on detailed chemical kinetics of gas-phase chemistry,
coupled with iron pentacarbonyl chemistry, particle growth, and a simplified description
of nanotube formation on particles. Their model reproduces many of the expected trends
in the process yet is not validated against experimental data for the nanotube material. A
detailed chemical mechanism was also developed by Grujicic et al. (69) for carbon
deposition in CVD although the formation of nanotubes is not accounted for in their
model.
7.2.5 Key issues
We have presented many of the observations and phenomena associated with
nanotube synthesis. Also, aspects of the nanotube formation mechanism were discussed
and rationalized in view of literature observations in the context of the mechanistic
model. The three-step dissociation-diffusion-precipitation type model does account for
many aspects of nanotube growth yet there are several open questions remaining. Such
as, what initiates nanotube growth and what are the origins of the diffusive flux?
Observations from the flame environment provide some insights into these questions.
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7.3 Flame synthesis & formation mechanisms
The formation conditions for single-walled carbon nanotubes in a premixed
acetylene/oxygen/argon flame doped with iron pentacarbonyl were described earlier in
Chapter 5. The flame environment coupled with thermophoretic sampling at various
heights above burner provides a useful method for interrogating the dynamics of
nanotube formation. Using this technique and observing nanotube formation in various
flame conditions, it was possible to test a number of hypotheses regarding nanotube
formation.
7.3.1 Flame cooling hypothesis
An alternative interpretation of the deposition-diffusion-precipitation mechanism
described previously is the cooling-induced precipitation of carbon from a metal particle
supersaturated with carbon. In this model, carbon-bearing species decompose on the
surface of metallic catalyst particles (as previously) and the carbon dissolves into the
particle to form a saturated solution. If the saturated particle is subjected to a sudden drop
in temperature, the solubility of carbon in the metal will decrease significantly, forcing
the carbon to precipitate. If the particle is sufficiently small and there is stabilizing
influence on the particle surface (from gas-phase species) then the precipitating carbon
can form nanotube structures.
Based on this hypothesis, a rapid cooling event should induce an increased yield of
nanotubes. This hypothesis was tested in the flame system by operating the flame under
the same conditions described in Chapter 5, however a stream of room temperature argon
was injected into the flame at a position downstream from the luminous flame zone. The
argon was injected through a small annular ring (50 mm OD ring; 6.4 mm OD tube) with
eight holes (1.6 mm) spaced evenly on the inside and outer surfaces. The argon flowrate
was controlled using a mass flow controller and flowrates between 0.17 and 0.46 L/min
(+ 0.02 L/min) were tested for their effect on the flame temperature profile. The flame
temperature was measured using the thermocouple technique described in Chapter 5. A
flowrate of 0.32 L/min was chosen as giving a good balance of rapid quenching of flame
temperature with minimal flow disturbance. The temperature profiles with the argon
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injection ring placed at 30 and 20 mm above burner are compared to the non-cooled















Figure 7-14. Measured temperature profiles for flame with argon injection at 20 and 30 mm
height above burner (HAB). Inset graphic shows burner with injection ring placed at height
x mm above the burner face.
Thermophoretic samples were obtained from the flame in the same manner as
described in Chapter 6. Samples were withdrawn from 70 mm above burner with an
immersion time of 250 ms, and the TEM grids were analyzed using a JOEL 200CX
transmission electron microscope. Representative images for material collected from
flames at j = 1.6 and 1.8, with and without the two cooling ring positions, are shown in
Figure 7-15.
The TEM images show two distinct trends. One trend is the tendency to form a
greater proportion of soot-like material as fuel-richness increases at higher , which is in
agreement with the discussion in Chapter 5. The other trend is the greater tendency to
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HAB. The rapid cooling does not lead to an increase in nanotubes indicating that the
modified formation model is unlikely. The results indicate that the metallic particles
emerging from the initial region of the flame (HAB <: 20 mm) are quenched by the rapid
cooling of the flame gases. The quenching effect may be due to slowing of the surface
chemistry kinetics, reduced coagulation frequency leading to smaller particles, or
dropping the internal solubility and diffusivity for carbon within the metal particle.









Figure 7-15. Effect of rapid cooling. Changes in morphology with injection of argon at 30
mm & 20 mm HAB for equivalence ratios of = 1.6 and 1.8.
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7.3.2 Active catalyst
The analysis of structure and composition of the catalyst particles present in flame-
generated material, presented earlier in Chapter 6, indicated that the condensed material
was dominated by elemental iron and iron-carbide (Fe 3C). However, there was also a
small level of iron oxide (Fe 20 3) present in the material. Furthermore, Fe20 3 particles
were found in close association with nanotube structures. The relatively low yield of
nanotubes relative to the mass of iron fed to the flame (2.5 wt%) coupled with the
observation of affinity between Fe20 3 with the nanotube bundles tends to indicate that it
is iron oxide that is exhibiting catalytic properties in this system.
The thermodynamics of iron pentacarbonyl dissociation (Chapter 4) indicates that
elemental iron is the favored product under the flame conditions considered in this study.
The composition measurements performed on the flame-generated material agree with
this prediction with the XRD data dominated by Fe. Even though elemental iron is
energetically favored, Fe2 0 3 is likely to be present at lower concentrations and may even
be formed due to kinetic processes due to the rapid decomposition of the iron
pentacarbonyl in the region prior to the flame zone where oxygen has not yet been totally
consumed by the fuel. The fraction of iron that does form the oxide may be responsible
for the bulk of nanotube formation in the flame. The surface catalytic activity of iron
oxide to carbon depositing reactions (such as the Boudouard reaction) has been
demonstrated by many studies including efforts by Reymond et al. (47) The activity of
metal oxide substrate as the catalyst in flame synthesis by Yuan et al. (37,70,71) also
gives some insight that this may be the case for iron oxide.
The possibility of iron oxide being the dominant catalyst for nanotube formation in
the current flame system gives some alternative interpretations of the nanotube formation
profiles shown earlier in Chapter 5. The improved quality of nanotube material as the
equivalence ratio was lowered may be due to a greater proportion of iron oxide particles
that may result as the flame feed compositions shift to mixtures with greater oxygen
content. Figure 7-16 shows the ratio of equilibrium ratio of iron-oxide compounds
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Figure 7-16. Equilibrium calculations for mixture of acetylene, oxygen, argon and Fe(CO) 5
at P = 50 Torr and T = 1700 K. The ratio of iron oxide compounds relative to the total iron
compounds (Left axis) and the mole fraction of CO (Right axis). The iron oxide compounds
include FeO, FeO2, FeOH, Fe(OH) 2, and FeOOH.
The equilibrium calculations (Figure 7-16) indicates an increasing proportion of iron
oxides as is lowered. Also note the increasing concentration of carbon monoxide as 4 is
increased. The optimal yield curve shown in Figure 5-9 and, the corresponding nanotube
quality analysis could therefore be interpreted as a competition between availability of
iron oxide particles and availability of carbon. This conclusion presents nanotube
formation as essentially a tradeoff between two competing processes in a homogeneous
fuel-rich flame such as in the present study. If iron oxides are the desired form of catalyst,
then much higher nanotube yields would be achievable with flame configurations that
were able to generate iron oxide particles prior to a region with high carbon availability.
The key aspect of the configurations is the need to generate a higher proportion of the
favored catalyst particles while maintaining favorable gas composition and temperature
properties suitable for nanotube growth in later region. A schematic showing such a
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Figure 7-17. (A) Schematic illustration of generalized process configuration for improved
SWNT synthesis. Various burner configurations that could give the desired process (I)
Fe20 3 particles fed to fuel rich flame as an aerosol, (II) Two-stage burners. Fuel lean flame
to synthesize Fe20 3 nanoparticles, exhaust fed to fuel rich flame used to generate SWNT,
(III) Combined 2-stage flame with initial oxygen rich zone to generate Fe20 3 particles,
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7.3.3 Fullerene hypothesis
Carbon fullerenes such as C60 and C70 form in fuel flames under certain conditions
(72). The close resemblance of the curved fullerenic structure of C60 to the closed shell of
nanotubes with a pair of curved end-caps suggests that the nanotube might form from a
similar mechanism to C60. Alternatively nanotubes may grow directly from C60
molecules. The closed shell structure of a single-walled nanotube in particular is
idealized and real structures are generally found only in combination with metal particles
at one or both ends of each tube. The material synthesized in the present flame system are
consistently observed with metal particles associated with both ends of the nanotubes.
The concentration of C60 molecules in the flame-generated material was measured
using standard HPLC-based fullerene analysis methods (Chapter 6). The quantity of C60
in the condensed material was found to be negligible (< 0.01 wt%). This concentration in
the soot equates to a concentration in the flame of order 1 x 10-15 mol/cm3 . Given the
negligible concentration of C60 in the flame and the TEM images showing material in
close correlation with metal particles, nanotube formation via homogeneous reactions is
probably not occurring in our system. However, it still could be possible that C60 acts as a
source of carbon for nanotube growth via deposition on the catalyst surface. This
possibility is examined in the next section.
7.3.4 Growth reactant
An interesting issue relating to nanotube formation in flames is identity of the
chemical species that provide a source of carbon for nanotube growth. One way to do this
is to estimate an effective collision efficiency (y) for each candidate species. The collision
efficiency is the ratio of the observed rate of nanotube formation to the rate of collisions
between the species and catalyst particles (7-1). A collision efficiency greater than unity
is non-physical as more growth is observed than can be accounted for with that species
alone. The collision efficiency for various species can be estimated based on the gas-
phase composition, the temperature profile, and a means of estimating the growth rate of
nanotubes in the flame.
The two main species that are commonly attributed as carbon sources for nanotube
growth are CO and C2 H2. As a first step, the concentration of the CO and C2H2 species in
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the acetylene/oxygen/argon flame were calculated using CHEMKIN. The concentration
profiles are shown in Figure 7-18 along with the corresponding temperature profile.
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Figure 7-18. Calculated gas-phase concentrations for CO and C2H2 for ) = 1.7 flame
showing relative quantities of these carbon-bearing molecules.
The concentration of CO in the flame is an order of magnitude greater than that of
C 2H 2 for heights greater than 10 mm, where nanotube growth is observed to occur
(Chapter 5). The collision rate calculations were based on kinetic theory (7-2) with the
collision considered to occur between the species in question and an iron particle at the




Coll = nkT [Ci I[C (7-2)
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where k,,co is the collision rate (mol/cm3s), kB is Boltzmann's constant, Ci and Cj are the
gas-phase concentration of carbon equivalent from the colliding species (adjusted for
molecular carbon stoichiometry), dij is the average collision diameter, Di are the collision
diameters of the colliding molecules (or particles), MWi are the molecular weights of the
molecules (or particles), and t is the reduced mass.
The estimated molar growth rate of nanotubes was evaluated based on the observed
range of 10 to 100 pm/s for the rate of increasing length as discussed in Chapter 5. The
nanotube growth rate was based the assumption of (10,10) nanotube geometry (giving 1.6
x 105 carbon atoms per nm tube length (73)), and a nanotube was assumed to form from a
particle of average particle size at a concentration equal to the total particle concentration
at each HAB.
The collision efficiency was evaluated for CO and C2H2 and both species were found
to have collision efficiencies of order 0.1 to 0.01. This range of efficiency indicates that
there is an excess concentration of the species than would be required to account for the
rate of carbon transformation to nanotube form. Despite the much higher concentration of
CO than C2H2, both species have very similar efficiencies. The efficiency values for C2H2
are a factor or so higher than CO yet both values are physically plausible and so no
conclusion can be drawn as to the dominant growth reactant.
The collision efficiency for C60 was also evaluated based on the estimated flame
concentration of 1 x 10s15 mol/cm 3 discussed previously. The very low concentration of
C60 in the flame gives a collision efficiency of order 105 indicating that there is simply
insufficient C60 in 'this flame to account for the nanotube growth rate. Therefore we
conclude that it is most unlikely that C60 is the carbon source for nanotube growth.
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7.4 Proposed formation mechanism
Based on our analysis and the literature, qualitative analysis of TEM images from
our flame study measurements, and general hypothesis testing, the dissociation-diffusion-
precipitation mechanism is the most plausible model. While this mechanism can
consistently account for the formation of single-walled nanotubes in the premixed flame
system, a number of concerns remain. In particular, how is nanotube growth initiated and
what is the origin of the asymmetric concentration gradient necessary for the internal
diffusive carbon flux? An 'Interacting Particle Model' model is proposed to deal with
these issues.
7.4.1 Interacting Particle Model (IPM)
Figure 7-19 provides a schematic development of the 'Interacting Particle model'
(IPM), which introduces the concept of metal inter-particle interaction as a means for
nanotube growth. Consider two metal particles suspended in a gaseous environment made
up of at least one carbon-bearing species such as CO (Figure 7-19A). If the gas
temperature is sufficiently high and the metal is catalytically active, then the surfaces of
the particles will support adsorption and catalytic decomposition of the carbon-bearing
species. As the surface reactions proceed, elemental carbon will deposit on the surface of
the particle, and will begin to diffuse into the bulk of the metal particle (Figure 7-19B).
While the prevailing nanotube formation mechanism is generally presented as a
process relating to a single particle (Figure 7-1), the interacting particle model asserts that
it is actually the interaction between particles that is responsible for initiation of nanotube
growth. For a particle with uniform surface activity, prolonged catalytic deposition and
dissolution of the carbon would lead to a saturated solution of carbon and metal, all
encased within a carbon shell. The initiation of the diffusive flux within a particle
requires the establishment of a concentration gradient (or more strictly an activity
gradient). This gradient could result from the contact between particles.
Consider the two particles once more, with catalytic surface deposition proceeding
over the surface of each particle. If the particles collide and coalesce, the fraction of the
surface area in contact is blocked off from the gas-phase and so carbon is no longer
deposited in this region, furthermore the shielding influence of the opposite particle will
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reduce catalytic activity on the surrounding face due to shadow effects. Meanwhile,
surface deposition of carbon continues on the remaining surface of the particle and the
dissolution of carbon into the metal particle leads to locally higher carbon concentrations
than the area closer to the contact area (Figure 7-19C). The catalytic activity and
associated dissolution of carbon into the particle begins to establish a significant
concentration gradient within the particle and a diffusive flux of carbon is initiated
towards the contact area (Figure 7-18D).
Once the diffusive flux of carbon is initiated and carbon atoms are migrating through
the metal, carbon atoms will begin to reach the contact area between the particles. If the
binding between the particles is not too strong, the particles will break apart and a
nanotube (or nanotubes) will form in between the particles as the internal structure of
each particle constrains the nanotube shape and stabilizes the uniform cylindrical
geometry (Figure 7-19E). The diffusive flux of carbon will continue to supply new
carbon to the nanotube as the catalytic deposition continues on the side away from the
contact point. The particles will move away from each other at a rate that is the sum of
the diffusive fluxes through the particles. This process can continue in a steady-state
manner and would be capable of forming nanotubes of considerable length if the
conditions of temperature, surrounding gas composition, surface activity, and internal
structure of the particles remained relatively constant (Figure 7-19E).
The interacting particle model asserts the interaction between particles is responsible
for nanotube formation. The characteristic structure of two particles separated by a strand
of nanotube or bundle of nanotubes has been observed in samples collected from the
acetylene/oxygen/argon flame doped with iron pentacarbonyl. A series of TEM images
showing 'dumbbell' structures observed in the flame is displayed in Figure 7-20. The
observation of these structures indicates that the close association of particles may be an
important feature of nanotube formation. Nanotube structures observed in the flame are
most commonly found with particles at the terminating ends further supporting the
likelihood of an interacting particle model formation mechanism.
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Figure 7-19. Schematic of the proposed 'Interacting Particle Model' for nanotube initiation
and growth. Shading is representative of carbon concentration and arrows indicate the
direction of diffusive flux.
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Figure 7-20. TEM images of 'dumbbell' like structures in the C2H2/0 2/Ar flame doped with
Fe(CO)5. Pointers indicate location of nanotubes.
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The IPM can also account for some other morphologies that are observed in the
flame. If the carbon availability in the flame is progressively increased, surface
deposition will increase also and so the diffusive growth leading to nanotube formation
will be overcome by deposition and growth will stop, leaving a nanotube structure of
finite length (Figure 7-21A). Furthermore, as the rate of surface deposition increases, the
time interval between initial dissolution of carbon into the metal, and saturation will be
shortened. The development of the internal concentration gradient requires coalescence
of the particles within this time interval. If the coalescence occurs towards the end of this
interval, dimer structures can become deactivated soon after coalescence without forming
a nanotube (Figure 7-21B). If the surface deposition rate is sufficiently high then the
particles will become saturated and deactivated before coalescence leading to discrete
particles encased in carbon and also chain-like structures of particles (Figure 7-21C).
(A) 0 (B) (C) 0
Increasing carbon availability to surface & deposition flux
Figure 7-21. Impact of increasing gas-phase carbon availability and associated increase in
surface deposition flux and possible morphologies. A) Particles encounter early enough to
allow internal concentration gradient necessary for diffusive growth to develop. B) Particles
coalesce and fail to separate, C) Particles saturate rapidly, blocking the diffusive pathway
and leading to cluster formation.
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The dumbbell model has been discussed to this point in terms of an interaction
between two particles (dimer), however the same principles can be extended to systems
of multiple particle interactions. Structures that appear to derive from multiple particle
interactions are also observed in the flame, as depicted in Figure 7-22.
Figure 7-22. Extension of the IPM to trimers and multiple particle interactions. TEM
images show chains of carbon nanotubes with particles spaced at intervals along the length.
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A particularly striking image of nanotubes associated with multiple particles is
shown in Figure 7-23. This figure shows a cluster of particles with many nanotubes
bridging the gaps between adjacent particles. Possible origins of such a cluster may be
due to coalescence of individual dumbbell structures or the nanotubes may derive from
an initial cluster of particles breaking apart with nanotubes growing in between. This
clustering and breakup dynamic is also consistent with the chain structures shown in
Figure 7-22.
Buchholz and coworkers (16) have recently reported the formation of MWNT from
carbon black without the presence of catalyst. The mechanism introduced in their study
involves the breakup of carbon black clusters with multi-walled nanotube bridges
forming between the particles (Figure 7-24). While the interacting particle model
proposed in the present study refers to SWNT formation between metallic particles, the
observations with MWNT indicate that the coalescence and breakup of particle clusters
can have a critical role in the formation of nanotube structures.




Figure 7-24. MWNT formation from carbon black according to Buchholz et al. (16).
7.4.2 Testing the theory
The interacting particle model provides an explanation for the origins of the internal
concentration gradient necessary for nanotube growth. The model attributes the
concentration gradient to the coalescence of particles, and the nanotube growth resulting
from the consequent separation of the particles. There are two aspects of this model that
are considered in more detail to evaluate if the model is physically plausible. One aspect
is the dynamics of establishing the internal flux within the particles, and the other aspect
is the likelihood of the particles breaking apart after initial coalescence.
Diffusive flux: According to the interacting particle model, the internal diffusive flux
of carbon derives from the disparity in surface reactivity (and associated carbon
deposition rates) resulting from the contact between particles. If the surface reactivity
was spatially uniform then the surface deposition of carbon and associated dissolution
into the metal particle will result in saturation of the particle with carbon and no bulk flux
of carbon through the particle. There is therefore a time interval, during which the
interaction of particles is capable of developing a diffusive flux, suitable for nanotube
growth.
One way to evaluate these features, the time interval, and the nature of the reactive
and diffusive processes, is to consider an idealized model of the system. If we
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approximate the spherical particle as a cylinder, and consider diffusion to occur in the
axial direction only, with the end faces supporting surface reactions and deposition of
carbon. The associated model describing the dynamics of the system is described by
Equation 7-4. There are three scenarios of boundary conditions that can describe the
behavior observed in the flame system (Table 7-3). The null case describes diffusion of
carbon from both ends of the cylinder representative of uniform surface reactions
depositing carbon on the entire particle surface. The limiting case shows deposition
proceeding on one surface only with the opposite end blocked off. The model case
describes the case where a surface is blocked after some initial time of uniform
deposition. The solution curves for the different scenarios are shown in Figure 7-25.
Table 7-3. Transient diffusion model and associated model scenarios.
C -2-
= D (7-4)




dz C02 z0 z=L C02
and C:<Cs for all t where C, is
the saturation concentration.
* Boundary conditions for each scenario are listed below.
1 Null case dC =k[CO] =
* Reaction and diffusion dt = k[CO a
at both end surfaces z0,L
2 Limiting case dC [CdCd = k[CO]2  =
* Reaction at one end dt z=O,L dz z=O,L
surface only
- =0 ~- =0
dt z=0,L dz z=O,L
3 Model case * For t < to
Reaction on both dC dCI
surfaces initially, dt = kdC] 2  z OL a
followed by halting z=,L
of reaction on one * For t >to
end at to. dC [O]2 dC
dt == k[CO] 2  = a; C(z = L) =
z=0 z0
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Figure 7-25. Example solutions to the transient diffusion model (Table 7-3). Black arrows
indicate direction of the diffusive flux.
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Particle-particle interaction: The interacting particle model considers two particles
initially coalescing and then breaking apart. In order to evaluate the feasibility of this
mechanism it is valuable to estimate the force required to separate two particles
compared to the magnitude of forces that could cause them to separate.
The London-van der Waals binding energy for two solid spheres, of radius RI and R2
is given by the expression (74):
A 2RR2 2RR 2  2( R , +R)d+d2
Esphere(R,,R 2 ,d) A 2RIR 2  +2RIR 2  2(R +R 2)d+d26 2(R, +R,)d+d 2  4R,R, +2(R, +R2)d+d 2  4R,R +2(R, +R2+d
... (7-5)
where A is the Hamaker constant and d is the separation distance between the spheres.
Values for the Hamaker constant of various materials are listed by Visser (75). The
Hamaker constants for Fe, Fe203 and carbon are listed in Table 7-4. Kendall et al. (76)
assert that the separation distance for two adhered particles is approximately 0.1 nm.
Table 7-4. Hamaker constants for various materials(75).
Material A (x1O-2 J)
vacuum water
Fe 21.2
Fe 20 3  23.2 3.4
C 23.8 3.7
The binding energy between an iron particle of 10nm diameter (D1) and a particle
of various diameters (D2) between 1 and 20 nm, has been evaluated for a separation
distance of 0.1 nm (76). The calculated locus of binding energies for the particles is
shown by the bold curve in Figure 7-26. The force required to separate the particles is
estimated by taking the gradient of the binding energy with respect to separation distance,
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The separation force corresponding to the binding force is plotted in Figure 7-26.
The values for the binding energy and separation force for two 10 nm particles are
estimated to be -7.6 x 10-19 J (attractive) and 8.6 x 10-9 N respectively.
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Figure 7-26. Estimated binding energy for a dimer of a 10 nm particle and a second particle
of variable diameter. The corresponding separation force is shown on the right-side axis.
Iron particles that achieve a close proximity (d - 0.1 nm) in the flame will therefore
form dimers with a binding energy of attraction. For the particles to separate there must
be sufficient force applied to overcome the binding energy. Possible sources of force that
could cause this may include: 1) The diffusive force from the carbon moving through the
particle towards the contact point, 2) Third body collision from other particles, 3)
Centrifugal force from rapid rotation of the dimer at high temperatures. The forces from
each of these effects are estimated as follows.
The force associated with the diffusive flux of carbon atoms through the metal
particle can be estimated (crudely) by a gradient of chemical potential. The expressions
for chemical potential and the gradient of chemical potential across a particle are given




A = A °(T,P) + kT1nXi (7-7)
FD Ai = kT l(XFD k  X1 (7-8)
az Az Az (X2
where i is the chemical potential, z is the distance coordinate, k is Boltzmann's constant,
T is temperature, and Xi (i = 1,2) are the localized mole fraction at opposite sides of the
particle. For a 10 nm diameter particle in a flame at 1800 K, with a mole fraction ratio of
2, the estimated force is 1.7 x 10-11 N.
A third particle with sufficiently high mass and velocity will potentially have enough
force to overcome the binding force between the initial dimer. The force is estimated by
considering a third particle of diameter D3 moving with the mean gas velocity for a
particle of that size and mass. Upon collision the particle is deemed to transfer all
momentum to one of the dimer particles. The de-acceleration of the particle is also
assumed to proceed over a distance of 0.1 nm. The expressions used to calculate the force
are as follows:
p r(D 3)3 (VRMs) 2  /3kTFc = ma ~ where vMs = k-- (7-9)6 Ax m
Where m is the particle mass, p is the density of the particle material, D3 is the
particle diameter, vims is the root mean square gas kinetic velocity, and Ax is the
stopping distance upon collision. The estimated collision force for third particles of
various diameter at T = 1800 K are shown in Figure 7-27.
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Figure 7-27. Force required to separate the particles as a function of second particle size
(D2) compared to the collision force of a third particle of various diameter (D3) (Bold line).
Arrows indicate a dimer of two 10 nm particles can be broken apart by collision with a
third particle of diameter 5 nm.
A third particle of diameter 5 nm will impart a collision force of 9.0 x 10-9 N which
is very close to the force required to separate a dimer of 10 nm particles. Particles smaller
than 5 nm have sufficiently high velocity and mass to impart the necessary force. The
need for a third body collision to supply the required separation force is consistent with
the 'dumbbell' structure images shown previously (Figure 7-20) where the ends of the
structure are commonly two or more particles.
A dimer structure immersed in a high temperature environment would be expected to
have significant rotational energy. If the angular velocity is high enough then the
centrifugal force may be sufficiently high to overcome the binding force. The following
expression for the centrifugal force of a dimer is adapted from Bradley (77).
FR kT 1 2 (7-10)
7Ax R+ +R2
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Where Ri are the particle radii, and Ax is the separation distance. The estimated force
generated by a dimer of two 10 nm particles at T = 1800 K is 7.1 x 10" 1 N.
The values for the binding energy and separation force, along with the estimated
forces for a number of mechanisms is summarized in Table 7-5. Based on these
estimates, the most likely interaction leading to separation of the dimer particles is a
collision from a third body particle.
Table 7-5. Estimated values of binding energy & separation force for 10 nm iron particles
Quantity Value
E Binding energy -7.6 x 10-19 J
F Binding force 8.6 x 10-9 N
FD Diffusion 'force' 1.7 x 10-" N
Fc 3rd body Collision 9.0 x 10-9 N
FR Centrifugal force 7.1 x 101" N
Assumptions:
* Two particles of 10 nm diameter
* Separation distance of 0.1 nm
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7.4.3 Consequences
There are a number of immediate observations that follow from the interacting
particle model outlined above. The interacting particle model asserts that the interaction
between particles initiates internal concentration gradients, associated diffusive flux, and
consequently nanotube formation. Based on this premise, there are a number of
preconditions for effective nanotube growth:
1. Particle size: Particles need to be sufficiently large to support internal diffusion of
carbon through lattice (probably > 5 nm).
2. Collision frequency: The concentration of particles and gas temperature needs to be
high enough to maximize the opportunity to form dimers. Yet not so high that
excessive collisions deactivate nanotube growth.
3. Surface reactivity: The gas-phase carbon activity and catalytic rate of the particle
surface should not be excessive or else the diffusive process will be overwhelmed
or the carbon will form some other phase.
4. Initiation dynamics: Initiation of nanotube growth by dimer coalescence is limited
to a small time interval between when the particles begin to catalytically deposit
carbon and when they are saturated with carbon.
5. Third body collisions: There needs to be sufficient bath concentration of particles
with enough translational kinetic energy to separate the dimers via third body
collisions. Addition of extra seed particles to the flame may enhance the process.
6. Growth stage: Once the nanotube growth is initiated, the process will continue in
steady-state to give long nanotubes if the process temperature and gas-phase
concentrations are kept relatively constant. As long as the surface reaction flux is
less than (or equal to) the diffusive flux then the growth process will be stable. A
uniform temperature will enhance this process, and thus a premixed (or highly
mixed) flame would be an ideal environment.
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7.5 Summary
The carbon nanotube field encompasses great diversity in terms of the nature of the
material, synthesis processes, applications, and the range of phenomena associated with
this substance. An overview of various nanotube synthesis techniques was presented,
highlighting many of the dominant process effects described in the literature, including
the role of temperature, pressure, gas composition, additives, and the nature of catalysts.
We attempted to rationalize this body of observations in terms of fundamental processes
driving nanotube formation. Many of the observed effects could be attributed to three key
processes - surface catalysis and deposition of carbon, diffusive transport of carbon, and
precipitation effects. Several existing models for nanotube growth were also discussed.
The synthesis of nanotubes in a premixed flame was discussed in relation to potential
mechanisms to account for the material observed experimentally. A variety of mechanism
hypotheses were tested experimentally, including cooling/precipitation nanotube growth,
the identity of the active catalyst, and the identity of the growth reactant.
Finally, a proposed mechanism was introduced that is capable of describing the
nanotube structures observed experimentally and can account for the shortcomings of the
prevailing mechanism frequently cited in the literature. The interacting particle model
(IPM) attributes the initiation of nanotube growth to the physical interaction between
catalyst particles. Coalescence of two (or more) catalyst particles will lead to partial
blocking of the particle surface, thereby locally halting surface carbon deposition. The
disparity in carbon deposition around the surface of the particle leads to an internal
concentration gradient and consequently a diffusive flux of carbon towards the inter-
particle contact point. Once the concentration gradient is established, and the particles
break apart, then a nanotube (or bundle) will grow in between the particles. The IPM is
consistent with many of the dimer and dumbbell-like structures observed in the flame-
produced material. The model was also extended to multiple particles to account for other
morphologies. The validity of the model was evaluated with analysis of diffusion
dynamics and a force analysis of particle binding and separation. To sum up, the IPM is
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A number of approaches have been adopted in the combustion literature to describe
the formation and growth of particles within the flame environment. Techniques such as
the method of moments (1) and sectional approaches (2) have been used to model soot
formation, and numerous other particle synthesis processes. Janzen and Roth (3)
demonstrate a model for iron oxide particle growth in a hydrogen/oxygen/argon flame
based on a sectional approach coupled with a model for gas-phase chemistry. The model
developed in this work draws on the sectional approach described by Janzen et al. and
reformulates the particle growth model approach so that it is compatible with Chemkin
software (4) that is widely used to model gas-phase chemistry in combustion studies. The
sectional technique has been developed by Pope et al. (5) and Kronholm (6) as a way to
couple complex chemistry with soot growth models. An advantage of adapting the
particle growth model with CHEMKIN is that it gives access to many gas-phase kinetic
mechanisms and a variety of reactive flow configurations.
8.2 Model formulation
The growth of particles in a flame environment is initiated by the nucleation of
condensed material from homogenous gas-phase reactions. According to the classical
Vollmer-Becker-Daring-Zeldovich nucleation theory (3) the transition from the gas to the
condensed phase is described by the formation of critical clusters. For materials with a
very low vapor pressure the critical cluster size is a single molecular unit, for example the
single Fe atom or Fe 20 3 molecule is the critical cluster.
Particle growth can be considered to proceed via coagulation of critical clusters
leading to larger particle masses and diameters. This methodology leads to a series of
discrete sections, with each section representing a particle of twice the molecular weight
of particles in the preceding section. Where the critical cluster is essentially an individual
atom or molecule the coagulation process can be described as a bimolecular reaction
(8-1) where each size section (designated by Bi) is essentially treated as a molecule. The
first section is the critical cluster or nuclei.
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Bi + Bj - cBj + dBj+1  (8-1)
where Bn is the nth averaged property section (or 'bin'), c and d are stoichiometric
coefficients and i <:j. To conserve mass
MW + MWj > cMWj + dMWJ+. (8-2)
where MWn is the molecular weight of section n. Furthermore, the particle number
balance is satisfied by:
c + d = 1 (8-3)
Based on these equations, the stoichiometric coefficients can be uniquely
determined.




d = 1 - c (8-5)
The particle diameter (Dn) of each section can be estimated by assuming a spherical
geometry.
DiMp N6MW 3  (8-6)
rp Nav
where p is the density of the material and Nay is Avogadro's number. Alternatively, the
diameter of the first section (monomer) can be specified directly if the collision diameter
is known and the diameters for each consecutive bin evaluated using (8-7).
Di,= (2D (8-7)
The coagulation coefficient (Bij) can be estimated using the kinetic theory of gases
for spheres in the free-molecular regime (8-8).
fli = d8BT (8-8)
where kB is the Boltzmann constant, T is temperature (K), dij is the collision cross-section
and p is the reduced mass. The expressions for dij and p are (8-9):
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8.2.1 Chemkin based model
There are numerous gas-phase chemistry reaction mechanisms that have been
developed for different combustion chemistries. Additionally, several flame and reactive
flow configurations are available in the CHEMKIN group of software giving flexibility to
applying the model.
A modular modeling approach was adopted for this study. Gas-phase chemistry was
assumed to form a background role in the synthesis of the metallic nanomaterials and so
was drawn from established kinetic mechanisms such as GRI-Mech (7) that are widely
adopted and validated. A reaction mechanism for the decomposition of the catalyst
precursor (Fe(CO) 5) to form elemental iron has been reported by Linteris et al. (8) and
has been coupled with the gas-phase chemistry to model the background flame
environment supporting the particle growth model.
The sectional growth methodology described previously has been adapted to be
compatible with CHEMKIN format. The rate constant expression used in CHEMKIN is
placed in an Arrhenius format (8-10).
-Ea
k = ATexp -Ea (8-10)
where A is the pre-exponential factor, T is temperature (K), P is the temperature
exponent, Ea is the activation energy and R is the ideal-gas constant. The expression for
the coagulation coefficient (8-8) can be rewritten to fit the Arrhenius form where:
A = yd (7r ) (8-11)
1
S= - (8-12)2




where y is the collision efficiency (Equation 7-1). Based on the notation of the previous
equations (8-11,-12, & -13) it is a relatively straightforward process to estimate collision
rate constants needed for the sectional particle growth model that are compatible with a
specific Chemkin gas-phase reaction mechanism used to model the background flame
environment.
8.3 Gas-phase chemistry
Homogenous flame chemistry models that could be adopted for the
acetylene/oxygen/argon flame employed in this study, include 1) GRI-Mech3.0 (7); 2) a
model by Wang et al. (9) for aromatics formation in an acetylene flame; and 3) a
comprehensive model by Richter et al. (10) for single-ring aromatic formation and
destruction in acetylene, ethylene and benzene flames. The complexity (number of
species and reactions) increases from model 1 to 3 in an attempt to capture the flame
chemistry with more resolution. This complexity is necessary to model high molecular
weight species in fuel-rich flames (Table 8-1).
Table 8-1. Comparison of candidate kinetic mechanisms for acetylene flame modeling.
No. Mechanism Species Reactions
1 GRI-Mech3.0 (7) 53 325
2 Wang et al. (9) 99 527
3 Richter et al. (10) 157 872
Each of the mechanisms listed above were compared to experimental flame
composition data obtained by Miller et al. (11) for a premixed acetylene/oxygen/argon
flame operated at a sub-sooting equivalence ratio. All three mechanisms were found to
give acceptable agreement with the Miller et al. flame data. For example, a comparison
of the GRI-Mech3.0 mechanism model prediction to the Miller et al. flame data is shown
in Figure 8-1.
Considering the non-sooting nature of the Miller et al. flame, and the emphasis on
non-sooting conditions in the present study, it was decided that the added complexity of
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the Wang et al. and Richter et al. models was not required. Therefore, the GRI-Mech3.0
mechanism was adopted to model gas-phase chemistry in this study.
There are quite few mechanisms available for gas-phase iron chemistry. A study by
Rumminger and coworkers (12) on the flame suppression effects iron pentacarbonyl
presents a detailed mechanism for iron pentacarbonyl decomposition and subsequent iron
chemistry. The Rumminger et al. (12) mechanism was coupled with GRI-Mech3.0 to
give the combined mechanism to describe the background flame chemistry for the flame
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Figure 8-1. Comparison of GRI-Mech3.0 calculations using PREMIX (solid lines) to Miller




The baseline flame chemistry, consisting of the GRI-Mech3.0 and Rumminger et al.
mechanisms, has quite good performance describing the gas-phase chemistry of the flame
system. However, there is a need to validate the particle growth aspect of the model to
ensure that the sectional method adapted to Chemkin can describe the growth processes
occurring in the flame environment.
Janzen and Roth (3) report an ideal system to validate the particle growth model
where they measured the formation of Fe20 3 nanoparticles in low pressure
hydrogen/oxygen/argon flames doped with iron pentacarbonyl. Janzen et al. (3)
characterized the particle size evolution within the flame and also developed a model to
describe the growth processes. Their system is attractive for the validation as the
hydrogen/oxygen/argon flame chemistry is relatively simple and well-developed, and
emphasis can be placed on testing the particle growth model. Furthermore, the modeling
results reported by Janzen et al. based on a system of differential equations can be
compared to the Chemkin-based model described here to ensure that the approaches are
equivalent.
The model used for our validation consisted of a gas-phase reaction mechanism for a
hydrogen/oxygen/argon flame developed by Miller et al. (13) coupled with the sectional
particle growth model described previously (Section 8.2). Janzen et al. (3) assumed that
the iron pentacarbonyl decomposed instantaneously to form Fe20 3 and rather than
consider the chemistry of Fe(CO) 5 decomposition simply treated the system as being
doped with an initial concentration of Fe20 3 molecules. The iron pentacarbonyl
decomposition chemistry of Rumminger et al. was not included in the model in this
instance to be consistent with the approach adopted by the Janzen et al. study. A
summary of the mechanism used is shown in Table 8-2.
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Table 8-2. Model for Fe20 3 particle growth in a H2/02/Ar flame*.
A EReaction P
(mol/cm 3.s) (cal/molK)
Hydrogen/oxygen/argon flame chemistry (13)
1 H2 + 0 2 - 20H 1.70E+13 0 47780
2 OH + H2 - H20 + H 1.17E+09 1.3 3626
3 H + 0 2 - OH + O 5.13E+16 -0.816 16507
4 O + H2 -> OH + H 1.80E+10 1 8826
5 H + 0 2 + M - HO2 + M 2.10E+18 -1 0
6 H + 0 2 + 2 - HO2 + 0 2  6.70E+19 -1.42 0
7 OH + HQ2 H20 + 0 2  5.00E+13 0 1000
8 H + HO2- 20H 2.50E+14 0 1900
9 O + HQ2 - 0 2+ OH 4.80E+13 0 1000
10 20H - O + H20 6.00E+08 1.3 0
11 H2 + M- H + H + M 2.23E+12 0.5 92600
12 0 2 + M - O + O + M 1.85E+11 0.5 95560
13 H + OH + M -+ H20 + M 7.50E+23 -2.6 0
14 H + H0 2 - H2 + 0 2  2.50E+13 0 700
15 HO2 + HQ2 -. H20 2 + 0 2  2.00E+12 0 0
16 H202 + M - OH + OH + M 1.30E+17 0 45500
17 H202 + H -. HO 2 + H2  1.60E+12 0 3800
18 H202 + OH - H20 + H0 2  1.00E+13 0 1800
Coagulation reactions (collision efficiency = 1)
19 Fe20 3 + Fe20 3 -. B02 6.79E+12 0.5 0
20 Fe 203 + B02 -+ 0.5602 + 0.5B03 7.50E+12 0.5 0
1 $
S B i + B cB. + dB, Fori,j<23 A = d8" 
0.5 0
+ A J- 0.5 0
249 B21 + B21 -> B22 6.84E+13 0.5 0
* See Appendix 12.7.6 for the full mechanism
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Because the coagulation processes are a function of temperature, it is necessary to
characterize the flame temperature profile. Flame temperature is not reported in the
Janzen et al. (3) article, however this data was obtained via personal communication (14).
A typical flame temperature profile for their system is shown in Figure 8-2. Janzen et al.
were not able to measure the flame temperature directly due to errors caused by
deposition of solid material onto thermocouples and so estimated the profile by
calculating the adiabatic flame temperature profile, accounting for energy losses by
subtracting 15 % of the maximum flame temperature, and imposing an 80 K/cm
temperature decay for the tail of the flame as is observed in hydrocarbon flame
measurements (14). This profile estimation method was used throughout the validation
model calculations.
The diameter and molecular mass of each section (bin) used for each of the models
are listed in Table 8-3. The sections span a diameter range up to 60 nm. The model was
executed within Chemkin using the Premix utility for a variety of flame conditions
reported by Janzen et al. A specially modified version of Chemkin was supplied by
ReactionDesign (15) that allowed the very high molecular weights in the
thermodynamics input to be interpreted by the program. The thermodynamic data for
each section was assumed to be identical to that of the critical cluster species.
The average particle size was determined simply from the Chemkin output by
converting the mole fraction of each section to a volume fraction based on the diameter
of the characteristic section diameter. The average particle diameter was then calculated
based on the sum of the volume fractions. The number concentration was calculated
directly from the section number concentration output from Chemkin. The particle size
evolution with flame coordinate, and the effect of precursor concentration are reported by
Janzen et al. (3) along with their own modeling results for these conditions. Their results
are compared to the output of the present model and the experimental data in Figure 8-3.
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Table 8-3. Sectional model. Bin properties for A) Fe20 3 and B) Fe.
A) Fe 20 3 (p = 4.9 g/cm3 )
Section Dp (nm) MW # Fe atoms # O0 atoms
FE 20 3  0.47 160 2 3
B02 0.59 319 4 6
B03 0.74 639 8 12
B04 0.94 1,278 16 24
B05 1.18 2,555 32 48
B06 1.49 5,110 64 96
B07 1.88 10,220 128 192
B08 2.36 20,440 256 384
B09 2.98 40,880 512 768
B10 3.75 81,760 1,024 1,536
B11 4.73 163,521 2,048 3,072
B12 5.96 327,041 4,096 6,144
B13 7.51 654,083 8,192 12,288
B14 9.46 1,308,166 16,384 24,576
B15 11.92 2,616,331 32,768 49,152
B16 15.02 5,232,663 65,536 98,304
B17 18.92 10,465,326 131,072 196,608
B18 23.84 20,930,652 262,144 393,216
B19 30.03 41,861,304 524,288 786,432
B20 37.84 83,722,607 1,048,576 1,572,864
B21 47.67 167,445,214 2,097,152 3,145,728
B22 60.07 334,890,428 4,194,304 6,291,456
B) Fe (p = 7.9 g/cm3 )
Section Dp (nm) MW # Fe atoms
FE 0.25 56 1
B02 0.31 112 2
B03 0.40 223 4
B04 0.50 447 8
B05 0.63 894 16
B06 0.79 1,787 32
B07 1.00 3,574 64
B08 1.26 7,149 128
B09 1.59 14,298 256
B10 2.00 28,595 512
B11 2.52 57,190 1,024
B12 3.17 114,381 2,048
B13 4.00 228,762 4,096
B14 5.04 457,523 8,192
B15 6.35 915,046 16,384
B16 8.00 1,830,093 32,768
B17 10.08 3,660,186 65,536
B18 12.70 7,320,371 131,072
B19 16.00 14,640,742 262,144
B20 20.16 29,281,485 524,288
B21 25.40 58,562,970 1,048,576
B22 32.00 117,125,939 2,097,152
B23 40.32 234,251,878 4,194,304
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Figure 8-2. Typical flame temperature profile used by Janzen et at (14).
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Figure 8-3. Comparison of Janzen et al. (3) data and model results to the Chemkin model.
A) Particle size evolution for 524 ppm precursor concentration; B) Particle size for various




* Janzen et al. data




The particle size evolution with flow coordinate results (Figure 8-3A) show a good
agreement between the experimental data and the Janzen et al. model with the model
prediction passing directly between the data points. The current, Chemkin-based model,
also compares favorably with the Janzen et al. model and data. The Chemkin model has a
slight underprediction at low burner heights while a slight overprediction relative to the
Janzen et al. model is observed for higher coordinates. The particle size with precursor
concentration results (Figure 8-3B) exhibits a greater degree of divergence between the
data and the Janzen et al. model. The Janzen et al. model shows good agreement for a
precursor concentration of 700 ppm but significantly overpredicts by a factor of two to
three for higher concentrations. Underprediction by a factor of two is observed for lower
concentrations. The reason for the discrepancy is not indicated in the article, although
may derive from temperature effects, particle size measurements, collision efficiency, or
error caused by the instantaneous Fe20 3 formation assumption. The thing to note from
this plot however is that the Chemkin model shows very good agreement with the Janzen
et al. model over the entire range of concentrations. It is therefore clear from both of
these comparisons that the Chemkin-based sectional particle growth model shows
equivalent performance to other numerical model treatments. The combined Chemkin
model therefore gives a convenient and effective means of modeling gas-phase chemistry
and particle growth. An approach for improving the accuracy of the model is described in
the following section.
8.4.1 Coagulation collision efficiency
The initial coagulation mechanism calculations were performed using a collision
efficiency of y = 1. While this value gave excellent agreement with the model suggested
by Janzen et al. the mechanism gave good agreement with particle size only at low
precursor concentrations (Figure 8-3B). A range of collision efficiencies was tested for
the coagulation mechanism and a value of 0.5 was found to give better agreement to
particle sizes measured over a wider range of precursor concentrations (Figure 8-4). A
collision efficiency of 0.5 is a reasonable assumption indicating a degree of dynamic
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Figure 8-4. Comparison of Janzen et al. (3) data and Chemkin model with coagulation
collision efficiency (y) of 1 and 0.5. The y = 0.5 model shows closer agreement to the data
over a wider range and particularly at higher concentrations.
8.5 Flame Model
Flame experiments were performed at 6100 ppm and 12200 ppm iron pentacarbonyl
feed concentration in an acetylene/oxygen/argon flame operated at an equivalence ratio
of 1.7, pressure at 50 Torr and cold gas feed velocity at 30 cm/s. Particle size distribution
data was obtained from TEM images corresponding to samples at various heights above
burner in the flames as described in section 4.3.
8.5.1 Model formulation
The Chemkin-based sectional model was used to model the particle growth processes
in the flame measured as part of this study. The model consisted of the GRI-Mech3.0 and
Rumminger et al. (12) mechanisms to describe the gas-phase chemistry while the
Chemkin-adapted coalescence model described previously was used to model the particle
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7 =1
growth (Table 8-4). The particles were assumed to be elemental iron with a single iron
atom as the critical cluster size. This model is different to that used for the Janzen et al.
validation as the critical cluster formation step is accounted for in the iron pentacarbonyl
decomposition mechanism rather than directly specifying an initial critical cluster
concentration.
The flame temperature profile used for the modeling in this study was obtained
experimentally using thermocouples (see Section 5.5.1). We note that its slope is very
similar to the profile obtained via calculations and the estimation method described by
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Figure 8-5. Flame temperature profile for premixed acetylene/oxygen/15 mol% argon flame
(4 = 1.7, P = 50 Torr, v = 30 cm/s). Profile calculated based on the adjusted adiabatic
temperature profile as described by Janzen (14).
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1 20 + M -> 0 2 + M 1.20E+17 -1 0
2 O + H + M - OH + M 5.00E+17 -1 0
3 O + H2 -> H + OH 3.87E+04 2.7 6260
4 O + HO2 -> OH + 0 2  2.00E+13 0 0
1 1
322 OH + C3H7 +- C2H5 + CH 2OH 2.41E+13 0 0
323 HO2 + C3H7 ++ 0 2 + C3H8  2.55E+10 0.255 -943
324 HO2 + C3H7 -- OH + C2H5 + CH 20 2.41E+13 0 0
325 CH 3 + C3H7 -> 2C 2H5  1.93E+13 -0.32 0
Iron pentacarbonyl decomposition (Rumminger et al. (12))
326 FeC5O 5 -+ FeC 40 4 + CO 2.00E+15 0 40000
327 FeC40 4 + CO -+ Fe(CO) 5  3.50E+10 0 0
328 FeC40 4 -* FeC 303 + CO 3.00E+15 0 5000
378 FeH + O + Fe + OH 1.00E+14 0 0
379 FeH + OH -> Fe + H20 1.00E+14 0 0
380 FeH + CH3 ++ CH4 + Fe 1.00E+14 0 0
Coagulation reactions (collision efficiency = 0.5)
381 Fe + Fe -> B02 1.63E+012 0.5 0
382 Fe + 802 - 0.5B02 + 0.5B03 1.80E+012 0.5 0
383 Fe + B03 - 0.75B03 + 0.25B04 2.15E+012 0.5 0
B, + B c B + d B A = d 0.5 0
For ij _ 23
1 1
655 B22 + B22 - B23 1.84E+013 0.5 0
656 B22 + B23 - 0.5B23 + 0.5B24 2.04E+013 0.5 0
657 B23 + B23 - B24 2.07E+013 0.5 0
* See Appendix 12.7.6 for the complete mechanism.
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8.5.2 Gas-phase chemistry
The baseline flame considered in this study was a premixed acetylene/oxygen/15
mol% argon flame with 6100 ppm iron pentacarbonyl operated at 50 Torr and cold feed
gas velocity of 30 cm/s. A flame with iron addition such as that considered here will have
three major aspects of process dynamics: 1) Gas-phase chemistry associated with rapid
oxidation of the fuel species, formation of intermediate chemical species and finally
formation of the major stable product species such as CO, C0 2, H20 and H2. 2)
Decomposition and conversion of the iron pentacarbonyl to iron-based intermediates and
elemental iron and iron-oxides; and 3) coagulation of the iron product species to form
particles. The dynamics of each set of processes is described by the mechanism in Table
8-4. The comprehensive mechanism was used in conjunction with the Chemkin Premix
subprogram to model the basecase flame conditions. The model predictions for the gas-
phase chemistry composition as a function of height-above-burner (HAB) are shown in
Figure 8-6.
The upper frame of Figure 8-6 shows the temperature profile used as an input for the
flame calculations as described in Section 8.5.1. The middle frame of Figure 8-6 shows
the concentration (mole fraction) profiles as a function of HAB for the primary gas-phase
species. As expected for a flame, a rapid consumption of the fuel species (C2H2) and
oxygen (02) is apparent within the first 5 mm HAB along with a complementary increase
in product species such as CO, CO 2, H20, and H2. Carbon monoxide (CO) is clearly the
dominant stable product species consistent with fuel-rich combustion. A residual amount
of C2H2 remains after the 02 has been consumed which is also to be expected with a fuel-
rich flame of this kind. For each of the species, only the initial zone (<10 mm HAB),
where the luminous flame zone would be situated, is associated with rapid changes in
concentration with the remaining HAB characterized by relatively constant relative
composition.
The lower frame of Figure 8-6 shows the concentration profiles for iron containing
compounds. The iron pentacarbonyl (Fe(CO)5) clearly decomposes extremely rapidly,
within the initial 5mm HAB and associated intermediate species transformation also
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The iron pentacarbonyl molecule (Fe(CO)s) contains extremely labile carbonyl
groups and so would be expected to decompose readily on exposure to heat. This rapid
decomposition of Fe(CO)5 is illustrated by the bold line in Figure 8-7 where the species is
entirely consumed within 1 mm HAB. The luminous flame zone is observed between 2
and 5 mm HAB so the decomposition occurs before the flame front. The formation of
intermediate iron compounds Fe(CO), Fe(CO)3 and iron hydroxides is apparent in tandem
with the Fe(CO)s decomposition. A more gradual transition to the product species Fe
(shown in bold), FeO and FeO 2 proceeds between 1 and 5 mm HAB. After 5 mm HAB
the elemental iron (Fe) persists as the dominant iron containing species and serves as the









0 1 2 3 4
HAB (mm)




8.5.4 Particle size effects
The third major process occurring in the flame system is the formation of particles.
The mechanism presented in Section 8.5.1 describes particle growth through the
coagulation of atomic clusters of iron with the nucleation size assumed to be a single iron
atom (3). The Fe(CO) 5 decomposition and consequent formation of elemental iron
therefore leads naturally into the dynamics of particle formation. The chemistry of the
initial region of the flame shown in Figure 8-7 therefore serves to generate a pool of iron
particles that support a cascade of coagulative particle growth that proceeds throughout
the remaining HAB.
Figure 8-8 shows the evolution of the calculated mean particle size as a function of
HAB. The initial region (<10 mm HAB) shows a small mean particle size indicating the
dominance of elemental iron. A rapid increase in mean particle size is observed between
10 and 30 mm HAB followed by a region of more moderate, yet constantly increasing,
particle size at higher HAB. After 80 mm HAB the mean particle size is predicted to be
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Figure 8-8. Mean particle size evolution with height above burner (HAB). Dotted lines show
the estimated width of the distribution full-width half-max.
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8.5.5 Precursor concentration effects
The bulk of experimental results have been obtained with the basecase flame which
considered a precursor concentration of 6100 ppm. One of the appealing aspects of a
comprehensive flame model is that it can be used to explore the influence of varying
process parameters. One such process parameter that is of interest is the influence of
precursor concentration as this would be expected to influence particle size and
consequently nanotube growth. The flame model was solved for 3700, 6100 and 12200
ppm precursor concentrations. Figure 8-9 shows the calculated evolution of the particle
size distributions for the three precursor concentrations.
Each of the Particle size distributions exhibits a dominance of very small particles
(<2 nm) for the initial region of the flame (<10 mm HAB) followed by a gradual
transition to a bimodal distribution (between 10 to 30 mm HAB), and finally the rapid
emergence of larger particle sizes as the dominant mode (between 30 and 80 mm HAB).
Furthermore, the maximum of the primary mode shifts to larger diameters as HAB
increases, in agreement with the size evolution shown in Figure 8-8.
The upper frame of Figure 8-9 shows the predicted particle size distribution for a
precursor concentration of 12200 ppm, while the middle and lower frames show the
predictions for 6100 ppm, and 3700 ppm respectively. Comparison of the particle size
distributions reveals that higher precursor concentrations lead to larger dominant particle
sizes within the same range of HAB. Furthermore, a broader distribution is apparent for
higher precursor concentrations.
One of the revealing aspects of this analysis is that if we assume that a critical
particle size is required for nanotube growth to occur, then the fraction of particles above
the critical size is influenced by the precursor concentration and the consequent size
evolution. If we hypothetically consider the critical particle size to be 10 nm then the size
distribution for 3700 ppm will not achieve a large size fraction above 10 nm, even at 80
mm HAB. The size distribution for 6100 ppm performs better but would still only begin
to achieve 10% or so above 10 nm after 50 mm HAB. The 12200 ppm distribution on the
other hand would be expected to have nearly 50% of the distribution above 10 nm at the
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Figure 8-9. Predicted particle size distribution evolution with height above burner (HAB)
and Fe(CO)s feed concentrations between 3700, 6100, and 12200 ppm.
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influence on the particle growth dynamics and can potentially provide a useful means of
tailoring the availability of critical particle sizes in the flame. Moreover, appropriate
control of the precursor concentration in tandem with the flame chemistry may allow the
flame to be 'designed' to have the required critical particle sizes available at a HAB in
the flame corresponding to favorable gas-phase concentrations for nanotube growth.
8.5.6 Comparison with experiments
To this point the predictions of the flame model have been presented without
validation, however we do have experimental results that allow us to test the accuracy of
the model. Experimental results for the baseline flame (6100 ppm) and a flame with
higher precursor concentrations (12200 ppm) were presented in Section 4.3 where
particle size and number density data were evaluated based on a quantitative image
analysis technique. Figure 8-10 shows the experimental data and corresponding model
predictions for mean particle size and number density in flames with 6100 and 12200
ppm precursor concentration.
The particle size evolution data (Figure 8-10A) has a degree of scatter that is
primarily due to variability of the image analysis technique. Despite the variability, a
trend of increasing mean particle size with height above burner is apparent. The particle
size for the 6100 ppm system increases from around 2 nm to 4 nm between 20 mm and
75 mm HAB. The 12200 ppm system shows particle size increasing from 3.5 nm to 5 nm
between 20 mm and 70 mm HAB. The model for the 6100 ppm case shows a rapid
particle growth rate in the first 15 mm HAB and from 20 mm onwards follows a more
steady growth rate of around 1 nm per cm HAB. The 6100 ppm model shows good
agreement with the particle size growth trend and the 12200 ppm model exhibits similar
behavior to the 6100 ppm model with the curve shifted to a higher particle size. Both the
6100 and 12200 ppm model results slightly overpredict the particle size compared to the
























50 60 70 80
Figure 8-10. Mean particle size (A) and number concentration (B) as a
function of height above burner (HAB). The circles indicate values obtained
through quantitative analysis of TEM images. The solid lines are the values
obtained using the model. Open circle data indicates 6100 ppm and closed


























The particle number concentration data (Figure 8-10B) shows a decreasing trend as
height above burner (HAB) increases although with the large error bars this trend is
relatively insensitive to HAB. The large error bars are due to the many uncertainties in
the thermophoretic flux estimation technique (Section 4.2.2). The 6100 ppm data exhibits
slightly higher number concentrations than the 12200 ppm data which complements the
relative positions in the particle size plot. This observation is consistent with the
presumption that coalescence is the primary mechanism of particle growth.
The number concentration model predictions for both 12200 and 6100 ppm show a
hyperbolic profile with rapid decline of number concentration with increasing HAB. Both
model predictions pass through the data sets and associated error bars. Furthermore, there
is little difference between predictions for the models, which is also reflected in the
similarity of the data profiles. The apparent overprediction of the model at low HAB (<20
mm HAB) may rather be an artifact of the image analysis technique used to obtain the
data points. The image analysis technique uses many filtering steps that may interpret
some small particles as noise and inadvertently reject them leading to a slight bias
towards larger particles and lower number concentrations. This systematic error is not
expected to be significant relative to the other errors that emerge in both the image
analysis and modeling.
The flame model presented here captures the broad trends of increasing particle size
and decreasing particle number density as HAB increases. The model also agrees with the
data in the relative effects of precursor concentration. There are discrepancies between
the measured and predicted values that are likely due to both experimental errors and
inaccuracies in the model. However, for a preliminary model, the general agreement
between the data and model is encouraging and shows that the three basis processes of
gas-phase chemistry, iron compound chemistry, and particle growth are being captured in
the mechanism presented here. With additional refinements the model may serve as a
suitable mechanistic framework to incorporate a model for nanotube growth that can
account for the plurality of interactions that influence nanotube growth.
223
8.6 Nanotube growth
In its present form, the mechanism accounts for the main processes that support
nanotube growth (gas-phase chemistry, iron compound chemistry, and particle growth),
yet does not explicitly describe nanotube growth. The Chemkin format (and software) are
a convenient environment for modeling the flame chemistry and particle growth, however
it is difficult to account for the nanotube mass balance due to the metal particles acting as
carbon sinks during nanotube formation. There may be a way to explicitly account for
nanotube growth within Chemkin, however the present model does not address this step.
Despite the absence of an explicit description of nanotube growth, it is still possible
to use the present model to investigate aspects of nanotube growth. Nanotube growth is
inevitably associated with metal particles in the flame system and so we can draw
conclusions about nanotube processes by accounting for particles in the flame.
Figure 8-11 shows a series of curves (relative to the left vertical axis) as a function of
HAB that describe the fraction of all particles that are predicted to be above the size
indicated by each labeled curve. For example, at 40 mm HAB we would expect half of
the particles in the flame to be above 3.1 nm and 95 % of particles above 1 nm. The bold-
lined curve (relative to the right vertical axis) shows total iron particle concentration as a
function of HAB. Note the initial increase followed by a steady decrease in concentration
due to coagulation of many particles to give fewer yet larger particles.
The first point to note from Figure 8-11 is that it is a predictive tool. It is possible to
estimate the concentration of nanotubes that would be anticipated to form in the flame. If
we assume a critical particle size (required for nanotube growth) of 5 nm, then at 60 mm
HAB roughly 30% of all particles are above 5 nm while the total concentration of
particles is about 2x10 -12 mol/cm 3. Therefore, if we assume all particles above 5 nm will
support nanotube growth, we would predict a nanotube concentration of 6x 1013 mol/cm 3.
Figure 8-11 can also serve as a diagnostic tool. Based on the TEM images
corresponding to samples taken at various HAB (Section 5.5.3), nanotubes were
attributed to form in the interval above 30 mm HAB. Examining Figure 8-11 at 30 mm
HAB we see that the particles present in the flame at that position range in size up to 8
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Figure 8-11. Particle size availability in the flame (6100 ppm precursor concentration). The
left vertical axis and labelled curves indicate the fraction of particles above a certain size
(labels on curves indicate size in nm). The total concentration of particles is shown by the
bold line and the right vertical axis.
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8.7 Summary
Carbon nanotube synthesis involves a complex interaction of many factors including
temperature, gas-phase chemistry, surface chemistry, and metal particle properties. The
closely coupled nature of these influences means that it is difficult to consider the
influence of one factor in isolation. The motivation for the work described in this section
was that a model might aid in rationalizing the role that various synthesis conditions and
processes may have on nanotube growth.
A sectional description for particle growth was developed and adapted to be
compatible with Chemkin software format to allow a convenient model for particle
growth in the flame environment. The Chemkin-based sectional particle-growth model
was validated against literature data for Fe20 3 formation in a premixed hydrogen-oxygen-
argon flame (Janzen et al. (3)).
The particle-growth mechanism was combined with detailed chemical kinetic
mechanisms for gas-phase hydrocarbon chemistry (GRI-Mech3.0) and iron-compound
chemistry (Rumminger et al. (12)). The combined mechanism aimed to describe the
underlying processes supporting nanotube growth, and did not attempt to explicitly model
nanotube formation from particles. The flame model was validated against particle size
and number density data described in Chapter 4. The model predictions for 6100 and
12200 ppm precursor concentration gave agreement for the main trends of increasing
particle size, decreasing number density, and relative order of precursor concentration
effects. For a preliminary model, the general agreement between the predictions and the
data indicated that the model captured many of the main process dynamics.
Although the model does not explicitly account for nanotube growth, various aspects
of nanotube growth were examined by considering the behavior of particles in the flame.
A method is presented for estimating the concentration of nanotubes that would be
anticipated to form in the flame. Additional analysis revealed that the critical particle size
required to form nanotubes is less than 10 nm.
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9 Assessment of flame synthesis
9.1 Overview of present study
This study aimed to examine the formation of carbon nanotubes in a premixed flame.
The motivation for this work was the possibility that flame synthesis may prove a suitable
process for continuous production using a technique that can be readily scaled to produce
large quantities at a competitive cost. This chapter seeks to reflect on the experiments and
analysis presented in the previous sections and to assess the accuracy of this claim.
9.2 A unified view of flame synthesis
While a variety of processes for nanotube synthesis have been documented in the
literature, flame synthesis has been considered only to a small extent. The flame
configuration adopted for this study, namely a fuel-rich premixed acetylene/oxygen/argon
flame with iron pentacarbonyl addition, has not been studied with regard to carbon
nanotube formation. Furthermore, the detailed analysis of nanotube formation dynamics
and transition conditions considered in this study give a new resolution of the flame
synthesis process. The study was exploratory in nature and a more detailed testing and
analysis is required to fully assess the commercial viability of this process, however this
study does give insight into the dominant processes behind nanotube formation in a
premixed flame.
A discussion of the key flame processes leading to nanotube formation was
presented in Section 5.6.2. This view of the flame dynamics is revisited here with
inclusion of the additional findings from the material characterization and mechanism
sections. Together, this mechanistic description represents a unified view of premixed
flame synthesis of carbon nanotubes based on the overall findings of the present study.
Figure 9-1 shows a schematic interpretation of the main processes leading to
nanotube formation in the premixed flame (diagram is adapted from Figure 5-16). The
key processes in the flame include: Gas-phase chemistry, iron pentacarbonyl chemistry,
particle formation & growth, surface reactions, nanotube formation, nanotube
coalescence, and particle coalescence.
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Figure 9-1. A unified view of nanotube synthesis in a premixed flame. Schematic diagram of
various processes present at various HAB in the flame. The upper box gives a sense of the
main process 'zones' and their relative sequence in the flame. The vertical gray band at -5
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Gas-phase chemistry: The combustion chemistry associated with the rapid oxidation
of the fuel species (C2 H2) occurs very early on in the flame domain and generates stable
product species CO, CO2, H20, and H2 that maintain a steady concentration for the
remaining height above burner (HAB). The gas-phase chemistry serves two essential
functions by generating a high temperature environment suitable for nanotube growth,
and the carbon-bearing product species serve as carbon sources for nanotube growth. The
gas-phase chemistry and temperature profile are shown at the lower left of Figure 9-1.
Iron-pentacarbonyl chemistry: Iron pentacarbonyl decomposes rapidly as the
molecule enters the high-temperature of the flame yielding elemental iron and also iron
oxides although the oxides are less prevalent. The iron decomposition process is shown in
the upper left of Figure 9-1.
Particle formation & growth: Individual iron atoms and iron oxide molecules
generated by the decomposition of Fe(CO)5 undergo coagulative growth leading to larger
particles with increasing HAB. Coagulation leads to larger particles and lower number
concentration in the flame, as shown by the band of particles Fe and FexOy following
from the iron chemistry portion of Figure 9-1.
Surface reactions: Carbon transfers from the gas-phase to the solid phase via surface
reactions on the particles. Decomposition of CO on the surface of the iron and iron oxide
particles makes carbon available in a form suitable for nanotube formation.
Nanotube formation: Based on the experimental observations and material
characterization, nanotube formation is most likely associated with iron oxide particles.
Furthermore, the initiation and growth of nanotubes occurs between particles as described
by the Interacting Particle Model (IPM). Nanotube formation therefore draws on
interactions between iron oxide particles and growth proceeds in an intermediate HAB
zone as shown in Figure 9-1.
Nanotube & particle coalescence: The upper region of the flame (high HAB) is
dominated by tangled webs or networks of nanotubes decorated with metal particles.
These structures emerge from collisions between discrete nanotube bundles and the
strong Van der Waal forces between nanotubes. Particle-particle coalescence to form




The flame system considered in this study was designed to facilitate experimental
measurement of fundamental combustion phenomena and was certainly not designed for
commercial production of nanotubes. Moreover, the experiments considered in this study
were largely exploratory in nature and have not sought to optimize nanotube production
or quality. While there are no doubt many fruitful avenues remaining to be examined in
the sense of optimizing both process design and operational conditions, a preliminary
estimate of production costs associated with the present process is useful as an indicator
of the potential viability of flame synthesis for commercial production.
The cost estimate is based on the material generated in the acetylene/oxygen/15
mol% argon flame with 6100 ppm Fe(CO)5 precursor concentration (j = 1.7, P = 50 Torr,
v = 30 cm/s). The measured production rate of total condensed material at 70 mm HAB
was 0.85 g/hour. The condensed material is estimated to contain around 10 wt% nanotube
by weight and so would be considered an 'as produced' nanotube material if sold
commercially. Based on the unit costs of the feed gases and precursor compound, the
estimated production cost of the as-produced material is $7/g (-$3,000/lb) (See Appendix
12.7.7 for calculations). A more detailed cost estimate requires consideration of labor,
utilities, and overhead. However, this can be considered as an order of magnitude
estimate. While this is certainly quite a large cost, the current market price of as-produced
(unpurified) plasma-arc carbon nanotube material is $60/g ($27,000/lb) (1).
It is important to note that this is for an unoptimized system and many options are
available for reducing operational expenses. Scaled production would give lower factor
costs for reactant gases and alternative gas choices such as air instead of oxygen and
argon, natural gas rather than acetylene, and cheaper sources of iron compound would all
dramatically lower the operational expense. Additionally, many options exist for
increasing the efficiency and productivity of the process. Based on a reasonable
assumption that the operational costs could be reduced to 10% of the current system and
the production rate could be increased by 100 times then an estimate for the production
cost would be more like $0.007/g ($3/lb) - a production price that would certainly be
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competitive with existing production processes. A comparison of present and projected
flame generated material costs with commercially available SWNT material is shown in
Table 9-1.
Table 9-1. Comparison of cost estimates for flame generated single-wall carbon nanotubes.
Material description /g $/lb
* Flame generated (unoptimized - present study) $6.80 $3,100
* Flame generated (estimate for improved process)' $0.01 $3
* Commercial SWNT 2  $60 $27,000
1. Estimate based on 10% of experimental system operational costs & 100x production improvement.
2. CarboLex AP single-walled nanotubes, 50-70 vol% purity (1).
The cost estimate for the improved process is based on the operational costs being
10% of the costs for the current experimental system. Full operational cost analysis
would include overhead, utilities and other cost factors, however based on reactant costs
alone a scaled process would achieve significant cost savings. Furthermore, there is
significant latitude to substitute cheaper reactants such as natural gas, air and iron oxide
dust (rust) as the metal source.
The improved process estimate is also based on a 100 times improvement in
productivity. This level of improvement may seem rather ambitious, however based on
the low yield relative to iron and carbon fed to the flame in the present experimental
system it seems reasonable that there exists room for significant improvement. Avenues
for increasing productivity include optimization of Fe20 3 rather than Fe availability in the
flame; improved control of particle size distribution; shifting to higher pressures, and
tailoring of the temperature and composition environment in the flame. One of the
biggest opportunities for increasing yield is to decouple the Fe20 3 formation and particle
growth step from the fuel-rich carbon nanotube growth step (Chapter 7). The 10%
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9.3.2 Advantages and disadvantages
Flame synthesis offers a number of advantages over other synthesis techniques.
Some of the key advantages and disadvantages of the flame technique are outlined in
Table 9-2:
Table 9-2. Advantages & disadvantages of flame synthesis.
Advantages Disadvantages
* No external heating * Competing processes
Heat source is the flame itself. Complex reactive system with many
interacting processes.
* Flexibility in fuel source * Coupling effects
CO is the dominant product of fuel-rich Competition between Fe20 3 and carbonhydrocarbon flames, allowing cheap fuels availability in the present flame system.
to be selected for nanotube synthesis. New configurations can minimize this.
* Readily Scaled * Distribution of catalyst particle sizes
Well-established design & operational Particle formation in flames generally
knowledge for flame systems. leads to a wide size distribution.
* Continuous process
Easily adapted for continuous production.
* Nanotube formation rate
High rates at flame temperatures
234
~ 
-- I -- --- 
-T--- I-
9.3.3 Remaining hurdles
Flame synthesis of nanotubes is an embryonic field of enquiry and there are many
areas requiring investigation. Some of the major challenges for flame synthesis of
nanotubes include:
* Growth and selectivity: This study has provided a degree of resolution into the
nature of the nanotube growth process in a premixed flame however there is still
much work to be done to improve understanding of these processes. There is also a
need to improve the selectivity of nanotube synthesis so that the type (diameter,
chirality, length etc.) can be controlled to give a desired product type.
* Catalyst yield: In the present system the yield of nanotube material relative to the
amount of catalyst added to the flame is very low. An improved process would utilize
the catalyst more efficiently to give higher nanotube yield and less catalyst waste.
* New burner configurations: There is significant opportunity for novel burner
configurations. The premixed flame configuration has been ideal for studying the
dynamics of nanotube formation and does have many advantages, yet new burner
configurations may give additional advantages. A staged burner with fuel-lean and
fuel-rich sections is likely to give much greater nanotube yields (see Section 7.3.2).
* Separation: How to best remove nanotubes from the flame exhaust gases?
Possible opportunities include filters, deposition surfaces, and electrostatic methods.
* Nanotube modification & purification: There is great opportunity for in situ
modification and purification of nanotube material. Injection of oxygen or other
oxidants into the exhaust gases may allow preferential oxidation of non-nanotube
carbon. Furthermore, injection of other reactive agents into the exhaust gases may
allow modification of the nanotubes to enhance properties (eg. hydrogen uptake) or
make subsequent processing steps more efficient.
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9.4 Assessment
The broad objective of this study was to examine the potential of a premixed flame
to synthesize carbon nanotubes with the view that flame synthesis may provide a means
of continuous nanotube production at low-cost. This chapter has sought to unify the
understanding of how nanotube formation occurs in the premixed flame based on the
previous chapters and to draw on this understanding to assess the merits of the above
claim.
A very crude assessment of production costs for the (unoptimized) premix flame
system considered in this study gave a cost estimate of $7/g (-$3,000/lb) while an
estimate for an improved flame system would be closer to $0.01/g (-$3/lb). The current
commercial price for as-produced (unpurified) single-walled nanotubes is $60/g
($27,000/lb). Flame synthesis is therefore already an economically appealing process and
with improved design, operation and optimization will become even more favorable.
The advantages of flame synthesis include the in-built heat source, flexibility in
choice of fuel, ease of continuous production and scaling of burner systems, and the high
rate of nanotube formation. Shortcomings of flame synthesis include the level of
competing processes in the flame system, the coupling between catalyst and carbon
availability, and also the tendency of flames to form wide particle size distributions.
Hurdles and challenges for development of this technique include improving growth and
selectivity, nanotube yield, catalyst efficiency, purification, modification and separation.
Flame synthesis of carbon nanotubes is an embryonic field yet the operational
advantages of this system over other techniques, the opportunity for greatly improved
synthesis performance, and clear opportunity for economically competitive performance
make flame synthesis an appealing technique. Flame synthesis does indeed offer great
promise as a process capable of economically favorable, continuous and large-scale
production of carbon nanotubes and warrants further investigation and development.
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Carbon nanotubes are a remarkable material with many appealing properties with
potential for numerous areas of application. Despite the appeal of this material, there are
few synthesis techniques capable of producing nanotubes in large quantities at low-cost.
The broad objective of this study was to examine the potential of a premixed flame for
the synthesis of carbon nanotubes with the view that flame synthesis may prove a means
of continuous production at low-cost. The specific approach focused on the formation of
metallic nanoparticles in flames; identification of nanotube formation zones, time scales,
and transition conditions; characterization of material properties; and the development of
a formation mechanism and associated flame-model.
10.2 Formation of metallic nanoparticles
The formation of iron-containing particles was characterized based on a premixed
acetylene/oxygen/15 mol% argon flame doped with iron pentacarbonyl. While flame
synthesis of metallic nanoparticles is an area of interest in its own right, the main
motivation for this study was to characterize the formation of metal nanoparticles in the
context of their subsequent role as catalysts for nanotube growth. Thermophoretic
samples were extracted from the flame at various height above burner (HAB) and
analyzed using transmission electron microscopy (TEM). The images typically showed a
range of discrete spherical particles with a broad range of sizes ranging from 1 to 2 nm up
to a few particles at 10 nm. A quantitative image analysis technique allowed extraction of
particle size distribution and number density data from the TEM images. The mean
particle size for a precursor concentration of 6100 ppm was observed to increase from
around 2 to 4 nm between 20 and 75 mm HAB while for 12200 ppm the particle size
increased fro 3.5 to 5 nm between 20 and 70 mm HAB. The particle number density
results showed a decreasing number density with increasing HAB, giving a
complementary picture of the particle dynamics in the flame. These observations are
consistent with particle growth via a coagulative mechanism.
238
10.3 Synthesis of carbon nanotubes
Single-walled carbon nanotubes (SWNT) have been observed to form in a premixed
acetylene/oxygen/argon flame doped with iron pentacarbonyl vapor and operated at a
pressure of 50 Torr (6.7 kPa).
Thermophoretic sampling of the flame at various HAB, and subsequent TEM
analysis revealed an initial zone (<40 mm HAB) dominated by discrete metal particles
with a distribution of particle sizes. Nanotube structures were observed to form as early
as 30 mm HAB and growth appears to proceed rapidly within the next 10 to 20 mm
HAB. The growth-rate for the nanotubes in this interval is estimated to be between 10
and 100 pm per second. The upper region of the flame (50 to 70 mm HAB) is dominated
by tangled web structures formed via the coalescence of individual nanotubes formed
earlier in the flame. The nanotube structures are exclusively single-walled with no multi-
walled nanotubes observed in any of the flame samples. The SWNTs most commonly
appeared in bundles.
The effect of carbon availability in the flame on nanotube formation was tested by
collecting samples over a range of fuel equivalence ratios (4) at fixed HAB. The
morphology of the collected material revealed a nanotube formation 'window' of 1.5 < 4
< 1.9, with lower 4 dominated by discrete particles and higher 4 favoring soot-like
structures. A clear trend of improved nanotube quality (number and length of nanotubes)
is observed at lower equivalence ratios within this window. The concentration of iron
pentacarbonyl was also observed to have an influence with more filaments observed as
the concentrations increases, however the length (and quality) of the nanotubes is higher
at lower concentrations. These results were also verified using Raman spectroscopy.
Based on TEM images, the diameter of the tubes appeared to be close to 1 nm.
Gravimetric analysis of probe samples indicated that the yield of nanotubes per unit of
carbon fed to the flame was estimated as 0.1% (by mass), per unit of iron as 2.5%, and
per unit of Fe(CO) 5 as 0.7%. No effort was made to optimize the yield and it is likely that




Solid materials generated in the flame included metal particles, filamental carbon
structures and complex agglomerates exhibiting a soot-like morphology. Techniques used
to characterize the composition and structure of these materials, included transmission
electron microscopy (TEM), Raman spectroscopy, high performance liquid
chromatography (HPLC), scanning transmission electron microscopy (STEM) coupled
with energy dispersive x-ray spectroscopy (EDXS), and powder x-ray diffraction (XRD).
Based on these characterization techniques, the nanotubes were confirmed to occur
in bundles of single-walled nanotubes (SWNT). The nanotubes ranged in diameter from
0.9 to 1.5 nm, which is smaller than commercially available nanotubes synthesized using
plasma-arc processes. The nanotube samples also exhibited a strong metallic chirality as
confirmed by Raman spectroscopy at a wavelength of 514.5 nm.
The flame generated metal particles were observed to form discrete, spherical
particles, generally encased by a thin carbon shell. Particles larger than 5 nm or so
exhibited a clear internal lattice structure. Metallic nanoparticles associated with carbon
nanotubes were generally found to be in the size range of 5 to 10 nm and were composed
of iron oxides, indicating that Fe20 3 may be responsible for nanotube growth rather than
elemental iron. Composition analysis of the flame-generated material showed a
dominance of elemental iron and Fe3C with low quantities of Fe20 3. This is consistent
with the relatively low yield of nanotubes per mass of iron fed to the flame and the
'formation window' dependence on equivalence ratio and observation of improved
nanotube quality as the level of oxygen (and consequently Fe20 3) in the flame increases.
These results indicate that it may be possible to increase the yield of nanotubes by
tailoring the synthesis of Fe20 3 particles. Recommendations for flame configurations to
achieve this are outlined in the document.
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10.5 Formation mechanism & model
The synthesis of carbon nanotubes in a premixed flame was discussed in relation to
potential formation mechanisms to account for the material observed experimentally. A
variety of mechanism hypotheses were tested experimentally, including
cooling/precipitation nanotube growth, the identity of the active catalyst, and the identity
of the growth reactant. A new mechanism capable of describing the nanotube structures
observed experimentally was developed to account for the shortcomings of the prevailing
mechanism frequently cited in the literature.
The interacting particle model (IPM) attributes the initiation of nanotube growth to
the physical interaction between catalyst particles. Coalescence of two (or more) catalyst
particles leads to blocking of the particle surface, halting local surface carbon deposition.
The disparity in carbon deposition around the surface of the particle leads to an internal
concentration gradient and consequently a diffusive flux of carbon towards the inter-
particle contact point. Once the concentration gradient is established, and the particles
break apart, then a nanotube (or nanotube bundle) will grow between the particles. The
proposed IPM is consistent with many of the dimer and dumbbell-like structures
observed in the flame-produced material. The model was also extended to multiple
particles to account for other morphologies. The validity of the model was evaluated with
analysis of diffusion dynamics and a force analysis of particle binding and separation.
The IPM is also discussed in relation to identifying the requirements and best conditions
to support nanotube growth.
10.6 Flame model
A model was developed to describe the major flame processes contributing to
nanotube growth, namely: gas-phase chemistry, iron-compound chemistry, and particle
growth. A sectional description for particle growth was developed and adapted to be
compatible with Chemkin software format to allow a convenient model for particle
growth in the flame environment. The particle-growth mechanism was combined with




The flame model was validated against experimental particle size and number
density data. The model predictions for 6100 and 12200 ppm precursor concentration
gave agreement for the main trends of increasing particle size, decreasing number
density, and relative order of precursor concentration effects. For a preliminary model,
the general agreement between the predictions and the data indicated that the model
captured many of the main process dynamics. Although the model does not explicitly
account for nanotube growth, various aspects of nanotube growth were examined by
considering the behavior of particles in the flame. A method was presented for estimating
the concentration of nanotubes that would be anticipated to form in the flame. Additional
analysis revealed that the critical particle size required to form nanotubes is less than 10
nm.
10.7 Assessment of flame synthesis
The broad objective of this study was to examine the potential of a premixed flame
to synthesize carbon nanotubes with the view that flame synthesis may provide a means
of continuous nanotube production at low-cost. The operational advantages of flame
synthesis, potential for greatly improved synthesis performance, and clear opportunity for
low-cost production (projected estimate of $0.01/g (-$3/lb)) make flame synthesis an
appealing technique. Flame synthesis does indeed offer great promise as a process
capable of economically competitive, continuous, large-scale production of carbon
nanotubes and warrants further investigation and development.
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11 Recommendations
The research described in this study has been largely exploratory and preliminary in
nature. While the results of this work have identified some key processes and phenomena
relating to nanotube synthesis in a premixed flame, there are quite a number of avenues
that would benefit from further investigation. The following recommendations are
offered as suggestions.
11.1 Experimental studies (mechanism)
An advantage of the premixed flame system is that it allows interrogation of
nanotube formation dynamics and testing of formation mechanism theories. The
following experimental studies relate to aspects of the formation mechanism yet are also
of interest in a more general sense of improving nanotube production yield.
* Effect of pressure: The present study was based on a premixed flame operating at
50 Torr. The primary reason for operating at this pressure was due to design
constraints of the burner. Increasing the pressure of the flame may have a beneficial
influence on nanotube formation by improving the efficiency of CO decomposition
reactions on metal particles and additional effects in particle growth.
* Effect of argon concentration (T control): The argon concentration in the flame feed
provides a means of controlling the flame temperature. This study has shown that
the temperature field is an important factor in nanotube growth and so investigating
the influence of various temperature profiles achieved for different argon (or other
diluent) concentration would be instructive. Incidentally, the relatively uniform
flame temperature profile
* Test flame at temperatures close to 1200 'C: Numerous CVD studies cite 1200 'C
as being a desirable temperature for SWNT formation using Fe(CO)5 catalyst
precursor - an effect that may be an influence of solid particle phase behavior or
perhaps even a limitation of furnaces used to externally heat the CVD systems. A
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specific experiment involving argon concentration would be to tailor the flame
temperature profile to try and achieve a prolonged temperature close to 1200 oC.
* Effect of modifying agents: Compounds such as ammonia and thiophene have been
shown to beneficially influence the growth of SWNT in numerous CVD studies. It
would be interesting to co-inject a sulfur-containing compound such as thiophene or
a nitrogen compound such as ammonia in order to examine the influence on yield,
nanotube structural properties and alignment.
* Perturb flame with CO: Carbon monoxide is often stated to be the growth reactant
leading to nanotube growth. Perturbing the flame with CO would allow this
assertion to be tested. The CO could be added to the premixed flame feed gases or
injected at point above the burner in order to directly influence the nanotube
growth.
* Catalyst precursors and combinations: Different metals give rise to different
nanotube structures. It would be interesting to inject a different catalyst precursor
than Fe(CO) 5 to examine the effect of different metals. Cobalt and nickel metals in
particular would be interesting candidates. Combinations of metals have also been
found to give greatly improved growth of nanotubes and so injection of a binary
mixture may be of interest also.
* Different fuels: There is no particular reason why the fuel needs to be acetylene in
this system as the nanotube growth appears to be dependent on combustion
products such as CO and H2 rather than the fuel molecule per se. With this in mind
it would be prudent to investigate simpler and economically favorable fuels such as
CH4. A premixed CO/H 2 flame would also be of interest as a simple gas-phase
flame environment to examine particle and nanotube growth dynamics.
* Effect of H20: The concentration of H20 in the combustion environment may have
a uniquely beneficial influence on nanotube formation. Such an effect may perhaps
derive from catalytic surface interactions or moderation of the nanotube formation
process. The H20 concentration in the flame may be worthy of more detailed
investigation.
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* Isotope labeling: Labeling of the carbon reactants may be of interest in determining
the growth reactant responsible for nanotube growth.
* Injection of inert particles: Dosing the flame with inert particles may enhance dimer
interactions leading to enhanced nanotube growth. Use bimodal size distribution to
enhance availability for dimers and/or inject larger particles at same time.
11.2 Experimental studies (other)
Other experiments that would be of interest include:
* Electric fields: Nanotubes have anisotropic susceptibility to electric fields and so
imposing electric fields on the nanotube growth environment may influence 1)
aligned growth, 2) preferential growth of certain chiralities and structures, 3)
control of growth rate. Electric fields may also be of benefit in controlling residence
time of catalytically active particles in the flame. Electric fields will likely also be
of benefit in selectively separating nanotubes from the flame gases.
* Magnetic fields: Under the right conditions (temperature, particle size etc.) the
metal particles present in the flame may be susceptible to magnetic fields. Imposing
a magnetic field on the flame may allow control of metal particle residence time
and control of consequent nanotube growth.
* Combined electric and magnetic fields: Imposing both electric and magnetic fields
on the flame can allow additional functionality. A configuration with orthogonal
electric and magnetic fields may be used to impose a force on metal particles such
that particles move against the flame flow field. In this way particles may
essentially undergoe 'levitation' at a point in the flame suitable for nanotube
growth.
* Flame configurations: The l-D premixed flame system is ideal for studying the time
dependence of nanotube growth however other flame configurations may be of
interest from a practical perspective. A burner approximating a premixed flame
based on an array of small diffusion flamelets may be of interest, as would a
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turbulent diffusion flame. The key aspect for nanotube growth is a uniform
temperature field.
* Ex-situ generation of particles: External preparation of catalyst particles and
injection into the flame as an aerosol may be an appealing alternative to coupling
both particle generation and nanotube formation steps within a single flame.
* Improved yield estimates: The method used in the present study to evaluate the
yield of nanotubes in the flame was quite crude an improved estimate for yield
would be of benefit. Installing a removable filter canister on the exhaust outlet may
be a suitable method.
* Maximize metal loading: The concentration of catalyst precursor has a direct
influence on particle size. Furthermore, the measured yields of nanotubes indicate
that only a small fraction of the metal fed to the flame currently supports nanotube
growth so raising the loading of metal to the flame may increase overall yield. More
crucial than metal loading however is ultimately obtaining the correct type of
particle in terms of particle size and composition so it is more a matter of increasing
the availability of viable catalyst particles in the flame.
* Metal nanoparticle characterization: This study relied heavily on TEM image
analysis for particle characterization. Optical techniques such as laser scattering
may be of benefit to improve particle growth characterization.
* In-situ purification: An appealing aspect of combustion synthesis is the self-
contained nature of the reactive environment in so far that the flame does not need
to be in direct contact with a reactor wall. This free-standing reactive environment
allows a degree of downstream processing such as in-situ purification by injection
of oxygen (or C0 2) into the exhaust gases. Nanotube formation and purification
within a single reactor would be very appealing.
* Seeding of the flame with nanotubes: Seeding the flame may enhance nanotube
formation and coalescence into nanotube web structures. Such an effect may be
achieved via partial recirculation of the flame exhaust.
246
Extract material at intermediate height in the flame: May provide a means to
selectively control purity and properties of sampled nanotubes.
11.3 Material characterization
Characterization of the nanotube material can be improved by addressing the
following questions:
* Nanotube occlusion?: Test if material generated at higher equivalence ratios has
few nanotubes or if the soot is covering nanotubes.
* Raman spectroscopy: Perform Raman spectroscopy at many wavelengths to
characterize chirality and diameter distribution in more detail.
* Purity quantification: Perform TGA weight loss experiments and couple with
progressive Raman (D peak) and TEM sampling to monitor evolution of structural
properties.
* Metal particle sizes: Correlate particle sizes associated with tubes with tube
length/bundling etc.
11.4 Testing of bulk properties
Many applications have been proposed for carbon nanotubes (Chapter 1).
Assessing the suitability of flame-generated nanotubes for many of these
applications requires testing of bulk properties.
Hydrogen storage: Storage of hydrogen for mobile applications is an area of great
interest for carbon nanotubes and flames may offer a means for producing sufficient
quantities required for such an application. While hydrogen storage appears to be
largely dependent on surface area, there are additional influences from structural
defects and interactions with metal impurities that may work to the strengths of
flame-generated nanotubes. It would be interesting to examine the hydrogen storage
on materials synthesized using flames.
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* Composite strength: Nanotube composites with plastics and other materials has the
potential to give extremely strong materials. Testing flame-generated materials in
composites may be an interesting exercise.
* Purification of collected material: Investigation of purification techniques for the
flame-generated material is necessary to complement the synthesis technique.
11.5 Fundamental data required
There is a range of fundamental information that is required to thoroughly
examine the intricacies of the nanotube formation mechanism. The following areas
would be a valuable contribution.
* Kinetics of the Boudouard and other carbon deposition reactions on metal oxides
and Fe 20 3 in particular.
* Diffusivity of carbon in metal oxides and Fe20 3 in particular.
* Surface diffusivity of CO on metal oxide and Fe 20 3 surfaces.
11.6 Equipment & methods
The following modifications would improve the experimental setup:
* A removable in-line filter in the exhaust line.
* Improve quantitation of catalyst feed concentration (perhaps spectroscopy).
* In-line Spectroscopy (coherent Raman, UV, swan band emission, etc.)
* Find improved way to measure flame temperature
* Need quantitative methods to characterize nanotube concentration in the flame.
11.7 Experiments in other systems
* WSR/PFR: A well-stirred reactor (WSR) and a plug-flow reactor (PFR) coupled in
series is a system that is capable of supporting a well-controlled temperature profile
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and flow-field. These characteristics suggest that this would be a favorable system
for nanotube synthesis.
11.8 Modeling
There are a number of theoretical investigations that could yield significant
insight into nanotube formation and growth processes.
* Chemkin model: The Chemkin-based flame model developed in this study (Chapter
8) would benefit from the inclusion of Fe20 3 thermodynamics and kinetics that
were not available in the literature at time of writing. Accounting for Fe20 3 particle
growth in addition to Fe particle growth would also be a valuable inclusion.
* Monte Carlo simulation: The combination of gas-phase and surface reactions
coupled with internal diffusion lends requires a comprehensive model of the metal
particle. Monte Carlo methodologies may be of benefit for studying this complex
interaction of processes.
11.9 Practical process design
There are a number of key design considerations that are important for a flame
process aimed at commercial synthesis:
Decouple particle synthesis from nanotube formation: The flame considered in the
present study relied on a combined process of in-situ growth of metal particles from
a precursor compound followed by growth of nanotubes on the population of metal
particles. Furthermore, the favorable conditions for generating the catalytically
active iron-oxides compete with the carbon-rich conditions required for nanotube
growth, giving rise to an interval of conditions suitable for nanotube growth.
Decoupling the particle growth and nanotube growth steps will remove the
limitations on nanotube yield. A suitable process may be the injection of finely
ground iron-oxide dust into a fuel-rich flame rather than generating particles in the
same flame.
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* Control carbon deposition: The population of metal particles available in the flame
require the correct gas-phase composition and temperature in order to support
nanotube growth. Excessive carbon deposition on the metal particles deactivates the
nanotubes growth process and so controlling the gas-phase carbon activity allows
the growth pathway to remain open.
* Uniform flame temperature: The complex interaction of surface carbon deposition,
internal diffusion and final precipitation are sensitive to temperature and so a
uniform temperature field aids in maintaining growth.
* Economic analysis: A more detailed economic analysis is necessary to assess the
merits of flame synthesis beyond the very rough assessment considered in this
study. The carbon black industry is likely to give a useful indication of capital and
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Premixed Flat Flame Burner
PRE-FLAME CHECKS
Lines & Valves
1. All lines & particularly premix feed line
2. Check all control panel MFC and outlet valves are horizontal
3. Check rear panel valves
4. 3-way calibrate/burner feed set to burner
5. 3-way valves select argon MFC (Brooks or Tylan)
6. 3-way hood/ burner argon flow select
7. Chamber air bleed valve CLOSED
8. Check cooling water lines are connected
9. Pressure control valves OFF
10. Check probe/plug seal
11. Check secondary injection feed-through CLOSED
12. Check thermophoretic port valve CLOSED
13. Check ethylene solenoid switch is OFF
Vaporizer
1. Check all lines connected & hood lights OFF
2. 3-way trap/burner feed valve set to BURNER
3. Liquid loading valves CLOSED
4. Vernier metering valves at zero and closed
5. Bubbler isolation valves OFF
6. Bubbler joint sealed
7. Check if liquid level is sufficient
Bubbler loading & preparation (if needed)
1. Fill nitrogen trap with liquid N2
2. 3-way trap/burner feed valve set to TRAP
3. Open bubbler exit isolation valve (allow gas vent during loading)
4. Place both needles through Iron pentacarbonyl container septum to allow liquid loading
5. Open 2-way loading valve
6. Open Nitrogen flush 2-way valve & adjust metering valve to load the liquid into the bubbler
7. Shut off Nitrogen metering and 2-way valves
8. Close 2-way loading valve
9. Remove needles from supply container, shake off any excess into a glass jar & cover tips
10. Close isolation valves
STARTUP
1. Pumps (1.5 hours before run)
2. Switch ON vaporizer refrigerator unit (4 hours before)
3. Check cooling water for main pump is on (glass reservoir near burner table)
4. Green vacuum pump ON
5. Burner cooling water ON
6. Sampling pump ON (if needed)
Support systems
1. Control panel ON
2. Burner electrical switch ON
3. Cooling water T meter ON
4. Vaporizer T meter ON
5. All gas cylinders OPEN
a. Oxygen 25 Psi
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b. Argon 30 Psi
c. Ethylene 60 Psi
d. Acetylene 14 Psi (15Psi MAX)
6. Nitrogen for thermophoretic probe (-20 Psi)
7. Chamber vacuum valve OPEN - bring pressure down <5Torr (leak check)
8. Adjust set points of Mass Flow Controllers (MFC)
Flame startup
1. Switch height display ON & Set burner height at lowest height for ignition
2. Set sparker in ignite position above shield flame annulus & test
3. Open vaporizer bypass valve to desired vernier scale setting
4. Main oxygen (#1)
a. Control panel 3-way select to MFC
b. Switch MFC channel ON
c. Outlet valve to OPEN
5. Shield oxygen (#4)
a. Control panel 3-way select to MFC
b. Switch MFC channel ON
c. Outlet valve to CLOSED (ON if shield flame doesn't ignite)
6. Check MFCs to ensure flow is at set point
7. Ethylene (#3)
a. Control panel 3-way select to MFC
b. Switch MFC channel ON
c. Outlet valve to ON (Solenoid only valve remaining)
8. Adjust chamber pressure to -33 Torr
9. Sparker ON
10. Ethylene solenoid switch to ON
11. *** Shield diffusion flame should ignite ***
12. Sparker OFF & swing sparker away from burner face
13. Shield oxygen (#4)
a. outlet valve to ON (shield flame goes to premix)
b. IF REQD. Adjust ethylene (#3) & shield oxygen (#4) to give stoichiometric shield
flame
c. Ethylene (MFC3) 115.1 2.26 LPM
d. Shield oxygen (MFC4) 161.3 5.65 LPM
14. Monitor chamber pressure & adjust
15. Acetylene (#0)
a. Control panel 3-way select to MFC
b. Switch MFC channel ON
c. Outlet valve to ON
16. Watch flame and adjust MFC to give desired 0
17. Argon (#2b)
a. Control panel 3-way select to MFC
b. Outlet valve to ON
c. Check MFC reading
18. Switch off ethylene and shield oxygen if operating without shield flame
19. Nitrogen shield for thermophoretic port ON
20. Monitor chamber pressure & adjust
Vaporizer
1. Hood light OFF
2. Nitrogen cylinder OPEN
3. 3-wayvalve to HOOD
4. Open N2 Shroud & flood valves
5. Check 2-way loading valve is closed
6. 3-way trap/burner feed valve set to BURNER
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7. Open both bubbler isolation valves
8. Slowly open the bubbler metering valve & monitor bubbling in chamber
9. *** System is now passing additive to the chamber***
10. Adjust bubbler & bypass metering valves to give desired concentration
11. Take samples from septum port to confirm concentration with GC
12. Monitor liquid level, ice and liquid N2 trap over course of experiment
SHUTDOWN
Vaporizer
1. Bubbler isolation valves CLOSED
2. Bubbler metering valve CLOSED
3. Check liquid loading valves are CLOSED
4. Cover bubbler and storage containers in dark cloth
Flame & burner
1. Acetylene (#0) outlet OFF; MFC to OFF; MFC 3-way to horizontal
2. Ethylene solenoid switch OFF
3. Ethylene (#3) outlet OFF; MFC to OFF; MFC 3-way to horizontal
4. *** Flame now extinguished ***
5. Main oxygen (#1) outlet OFF; MFC to OFF; MFC 3-way to horizontal
6. Shield oxygen (#4) outlet OFF; MFC to OFF; MFC 3-way to horizontal
7. Argon (#2b) outlet OFF; MFC 3-way to horizontal
8. Check all control panel valves are horizontal
9. All MFC signals OFF
10. Bypass metering valve CLOSED
11. Close chamber vacuum exhaust valve
12. Close pressure control valves
13. Thermophoretic equipment OFF
14. Note burner height and turn height indicator OFF
15. Open air bleed valve to bring chamber up to pressure
16. All gas cylinders OFF
17. Vacuum pumps OFF
18. Vaporizer refrigerator OFF
19. Electricals OFF
20. Cooling water OFF (after a while)
EMERGENCY SHUTDOWN
1. ALL control panel valves to HORIZONTAL
2. ALL electrical systems OFF (control panel & burner)
3. Bubbler isolation valves CLOSED
4. Ethylene solenoid OFF






(Based on training notes of M.Frongillo)
Preliminary Checks
* Fill cold trap at rear of column with liquid nitrogen (may need up to 2 dewars)
* Vacuum ready light green
* on 2 (C1)
* filament is turned down
* KV select on
* Magnification to 10,000x
* Specimen translators in zero position
* Condenser aperture is IN (#2)
* SAD aperture is OUT
* OBJECTIVE aperture is OUT




* Pull sample rod out
* Twist CCW to release - pull out of goniometer (Don't touch rod with fingers)
* Open sample clips using tweezers (use loading stage & mag glass if need to)
* Load sample grids (only fill 1 of 2 spots if first run is alignment) #1 #2
* Push rod in- hold for 5 seconds until hear click & red light on (pump down)
* After red light goes off- Twist CW and use 2 hands to slide rod in smoothly (check vacuum status light)
Start-up
* Switch ON , P, & light switches/knobs (LH panels)
* Center X,Y on round screen using large manual sample translator knobs
* High voltage ON - o (LH panel mid)
* Increase kV from 100kV to step by step, allowing current to stabilize
* ON - turn dial to -4.5
* Remove plastic cover from viewing window
* Use (inner condenser knob) to find image of filament (low mag if can't see)
Note:
= Spot size knob; = Condenser lens knob
Gun Alignment
* Mag to 10,000x to find beam
* Spot size (" to #2
* Focus onto screen using to get spot (image is the filament)
* Center beam using translators (inner knob, LH/RH panel mid)
* Spot size ( to #1
* Focus beam with
* Center beam with R (RH panel low)
* Maximize intensity (even halo) with (X,Y knobs, RH panel low)
* Repeat until no movement when spot size I' toggled between #1 to #2
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Spot size () to #2
Spread (overfocus) using (to same size as square screen)
Center beam using SA inner knob, LH/RH panel mid)
Use condenser aperture mechanical (uppermost knobs on column) to center giving no beam movement when
varied
Repeat above 2 steps until correctly centered at all C2
Check condenser astigmatism by wobbling I focus back & forth (streaks 900 out of phase)
Put 0focus in between the astigmatic extremes
Vary Y (RH panel low) until sharp to eye
Check for symmetric illumination at all settings of
Top view
Sample selector (1 or 2)
Condenser aperture
Objective aperture
Selective Area Diffraction (SAD)
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* Focus beam with
* Turn ON W (LH panel low) - image splits into 2 images
* Reduce ma if cannot see both imaes
* Adjust & COM(X first) until images coincide (pulse on the spot)
* Switch to Y and re eat
* Turn OFF W
Image Wobbler
* Turn RB ON (LH panel mid)
* Adjust A, (RH panel low) until image pulses on the spot
* Turn 1 E OFF
Saturation
* Focus beam with
* Turn UP until striations disappear (uniform intensity)
* Do not increase current beyond saturation
Eucentricity
* Set mag to 5000x, center beam
* Spread beam to entire screen using
* Move sample stage translator to non-empty sample bay (LH - opp goniometer)
* Find feature, move to center
* Adjust "O' to give min contrast (close to disappearing)
* Unlock goniometer (tilt motor) by hand
* Manually rotate goniometer tilt 300 in one direction - recenter feature using eucentric knob (z-adjust) on
goniometer side
* Rotate back to 00 and recenter with sample translate then refocus
* Manually tilt 30* in opposite direction and eucentric knob V2 way back to centre
* Rotate back to 00 and recenter with sample translate then refocus
* Repeat rotation in both directions and adjust until no obvious shift in feature
* Refocus
High Voltage Wobbler
* Find a feature to magnify to 400Kx (a v.small hole)
* Switch ON monitor and camera controls
o monitor: 50Kx on TEM with 15x on monitor => 750,000x
* Set X open screen to
* Focus
* Turn ON (LH panel high)
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Microscopy
* Reduce Mag to 10,000x
* M button under UNCTI ow of buttons.
* Adjust MAG using outer n knob (RH panel high)
* Focus for minimum contrast
* Find & center feature that is crystalline
* Put in SAD aperture (#2)
* Mechanically center using manual knobs on SAD
* Focus so no halo is visible/sharp disc (using inner knob of SA/HD camera length)
* Press to get diffraction pattern and focus (inner knob) - diffraction pattern
* Put in obective aperture (#1) & center mechanically to diffraction dot
* Press
* Take out SAD aperture
Stigmator
* Can either use monitor/camera (50K x 15) or normal viewing at 200K+
* Find small feature (hole) if stigmating using monitor with 50K x 15
* At slight overfocus (black outline) observe fresnel fringes
* Adjust stigmator controls (LH panel low) so fringes disappear uniformly on focus
o Stigmator #1 controls for normal sample or #2 for magnetic
Or,
* Find amorphous section (thin layer)
* Increase mag to 200,000x
* Wobble focus to check astigmatism (streaks out phase)
* Adjust focus in-between astigmatic extremes
* Adjust X,Y stigmators (#1) (LH panel low)to give sharp image
* Repeat at higher magnifications (up to 450Kx)
* Once astigmatism is corrected then can move to any part of sample
o Can see graphitic planes at 450Kx ifstigmatism is good
Taking photos
* Take all photos at slight underfocus to give best contrast
* Set exposure to 5.6 to 1.4
* Check LEDS on RH panel. Green is correct, Reds under & over exposure.
* Adjust LEDs by controlling illumination (C2)
* Check screen to make sure beam is over it & adjust alignment if needed
* Plastic cover over glass window
* Sensitivity (inner knob) to 7.5
* Check unused film 50 , record film number (RH panel high)
* Press (RH panel low)
* Check ex osure time is AUTO (SHUTTER)
* Press to expose film - check EXP light goes on
*** Remove any film taken after shutting down & reset film counter
Shutting Down
* Probe size to 2
* Slowly ramp down . Switch OFF.
* Cycledown voltage to & switch off
* Objective aperture OUT
* Magnification to 10,000
* Specimen translators to 0,0
• Shut OFF
* Shut OFF lights
* Shut OFF monitor and camera
* Remove sample holder and take out samples






* Open lever on camera box cover - let vent, opens automatically
* Slide out the tray and remove boxes (1st used film; 2nd Fresh film)
* Open LH v.low panel: Put pre-pump to 'air' lever
* Open and remove fresh film box - check that spring is sprung on underside
* Put new empty receiving box and fresh film box into slide tray
* Close tray, wipe o-ring, close door & lever
Darkroom
* Hold lids closed on film boxes
* Darkroom busy light on
* Close slide door
* Red lights ON - room lights off
* Take out developer and fixer lids
* Bubbler on, bath water on
* Take out negatives and place in rack
* Timer clock face to 5 minutes for developer - put rack in developer bath, start timer
* While in developer bath replace film in new film box
o Top notch to right, place in metal frames
o Side notch on box Groove
o Close box
* Set timer to 2 minutes - Rack to stop bath, start timer, swish around
* Bubbler OFF
* Set timer to 3 minutes - rack to fixer bath, start timer Notch
* Rack to wash bath, water ON - 30 minutes
* Place negatives to air dry or place in oven (1 hour)
At end ofsession
* Switch water taps off, bubbler off
* Lights off
* Replace fresh film box to air lock & close; Check camera air lock ready light is green
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Mass Flow Controller Calibrations
Acetylene (MKS 1559A)
y= 3.1 38466E-01x + 16154
R = 9.998676E-01
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0.0 100.0 200.0 300.0
MFC Setting
400.0 500.0





y= 4.087022E-01x + 1.258405E-01
R2= 9.994461E-01
Oxygen (MKS M100) [shield flame]

































12.4 Flame experiment summary
The following table is a record of the flame experiments conducted throughout this
study. The spreadsheet indicates the settings for each experiment and the corresponding
calculations to determine flowrate and flame condition parameters. The spreadsheet
filename is Flame runs_summary.xls. Each flame experiment can have multiple
associated samples and each sample may have multiple TEM images - the corresponding
image record is shown in the next section. For additional information or records please
contact Murrray J. Height (email: miheight@alum.mit.edu) or Prof. Jack B. Howard
(email: jbhoward@mit.edu).
A description of each of the table sections is given below.
Section #s Description
1. Identification 1 -5 Run #; data entry worksheet; date; lab book # & pg #
2. Conditions 6- 10 Lab P&T; target equivalence ratio (4); Burner P&T
Mass flow controller (MFC) settings & gas flowrates.
Columns 27 - 34 describe the vaporizer.
4. Volumeflow rates 35 - 41 Volume flow rates for burner feed gases
5. Molar flowrates 44 - 51 Molar flowrates for burner feed gases
6. Mole fractions 52 - 58 Mole fractions of feed gas species
7. Element flow rates 59 - 63 Molar flowrate of elements to the burner
8. Flame summary 64 - 67 Flame parameters: 4, C/O, C/H, cold gas feed velocity



















































































































































































































12.5 Image slide summary
The following table is a record of all transmission electron microscope (TEM)
images obtained throughout this study. The original image slides are maintained in a
binder file. Most of the images were obtained using the JOEL 200CX and JOEL 200FX
in the MIT CMSE microscopy center. Refer to the laboratory notebooks for image
records relating to the JOEL 2010. The spreadsheet filename is 'TEMimagedata.xls'.
A description of each of the table column headings is given below.
Heading Description
1. Date Date of microscopy session.
2. General comment Brief description of sample history.
3. Book # Laboratory notebook number where microscopy session notes
are located.
4. Page # Laboratory notebook page # for session notes.
5. Flame run data Date of the flame run when sample was collected.
6. Caddy # Identification of TEM caddy holder where TEM grid is
located.
7. TEM holder slot Position in microscope sample holder.
8. Caddy grid # Storage position of the TEM grid in the caddy holder.
9. TEM image # Image number in the microscope session.
10. Quad Quadrant of TEM grid where image was obtained. Obtaining
images from multiple coordinates helps to ensure images are
representative of the overall grid.
11. Plate # TEM slide identification number.
12. Mag (x1000) Magnification used for the image.
13. Exp Exposure time during image acquisition.
14. Comment Brief description of main image features.
15. Tot # imgs Cumulative count of TEM images.
16. Month # characters Number of characters in month specification for the image
directory on computer hard drive. Assists in image retrieval.
17. File Filename of the scanned image.
18. Hyperlink Link to the scanned image.
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TEM Image Data
Root image directoryl E:Mashie_G igartorM urrayv\Research\Microsc oovTEM

































































TEM Caddy TEM Mag Tot ntS e quad plate exp Comme Fl Hyperink
1 100 5.6 SWNT Bundles 1 3 18Mar02 1.bmp 18Mar02 1 .bmn2 100 5.6 SWNT Bundles 2 3 18Mar02 2.br 1Mar02 2 .bmP3 200 5.6 SWNT Bundles 3 3 18Mar02_3.bmp 18Mar02 3 brri4 140 5.6 SWNT Bundles 4 3 18Mar02 4.bmp 18Mar02 4 bmp5 80 5.6 SWNT Bundles 5 3 18Mar02_5.bmp 18Mar02 5. bm6 50 5.6 SWNT Bundles 6 3 18Mar02 6.bmp 18Mar02 6.bmp7 27 5.6 SWNT Bundles 7 3 18Mar02_7.bmp 18Mar02 7 bmp8 10 5.6 SWNT Bundles 8 3 18Mar02 8.bmp 18Mar02 8.bmp9 100 5.6 SWNT Bundles 9 3 18Mar02 9.bmp 18Mar02 9bmp10 140 5.6 SWNT Bundles 10 3 18M ar02 10.bmp 18Mar02 10.bmP11 10 5.6 General matrk to show metal clusters 11 3 18M ar02_11.bmp 18Mar02 11.bmp12 100 5.6 EndofSWNT 12 3 18Mar02 12.bmp 18Mar02 12.bmp13 14 5.6 Bundle loops 13 3 18M ar02 13.bmp 18M ar02 13.bmp2 14 10 5.6 Graphitefolds 14 3 18Mar02_14.bmp 18Mar02 14.bmp1 1 - 26782 - 4.0 Nanotubes 15 3 30Apr02 1.bmp 30Apr02 1.bmg2 26783 41 4.0 Bundle 16 3 30Apr02_2.bmp 30Apr02 2.bmp3 26784 41 4.0 Bundle 17 3 30Apr02_3.bmp 30.Apr02 3.bmg
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TEM Im age Data
Root image directory E:'MasNie_OigartorM urrayResearchMicroscopTEM I
TEM quad plate # g exp
oaoo I-° l Ioo 000)1






4 27696 50 4.0
1 27697 20 4.0
1 27698 50 4.0
1 27699 20 4.0
1 27700 50 4.0
2 27701 20 4.0
2 27702 50 4.0
3 27703 50 4.0


































































MJH-IPC-3 2 130 O21822 25X2 1 A7 1 2 27735 50 4.0
2 3 27736 50 4.0
3 1 27737 50 4.0
4 4 27738 50 4.0 Nanotubes
5 4 27739 80 4.0 Nanotubes
6 4 27740 200 4.0 Nanotubes
MJH-IPC-3 2 130 62502 85302 2 A8 7 4 27741 50 4.0
8 3 27742 50 4.0
9 2 27743 50 4.0
10 1 27744 50 4.0
MH*IPC-3 2 130 &252 O2 52 2 A9 11 4 27745 50 4.0
12 3 27746 50 4.0
13 2 27747 50 4.0
14 1 27748 50 4.0
Diaction grid standa rd S) 2 134 no caddy 1 1 3 27781 5 4.0
(Ladd research indratries 4720) loan from Mke Ffonglo 2 centre 27782 5 4.0
3 c 27783 6.8 4.0
4 c 27784 8.2 4.0
5 c 27785 10 4.0
6 c 27786 14 4.0
7 c 27787 20 4.0
8 c 27788 27 4.0
9 c 27789 41 4.0
10 c 27790 50 4.0
11 c 27791 68 4.0
12 c 27792 80 4.0
13 c 27793 100 4.0
14 c 27794 140 4.0
15 c 27795 200 5.6
16 c 27796 200 5.6
17 c 27797 4.1 4.0
18 c 27798 2.7 4.0
Latex sphere standard (LTXS) 2 142 7232??? 1 1 2 27884 2.7 2.6
2 2 27885 4.1 4.0
3 2 27886 5 4.0
4 2 27887 6.8 4.0
5 2 27888 8.2 4.0
6 2 27889 10 4.0
7 2 27890 14 4.0
8 2 27891 20 4.0
9 2 27892 27 4.0
10 2 27893 41 4.0
11 2 27894 50 4.0
12 2 27895 68 5.6
13 2 27896 80 8.0
14 2 27897 100 11.0
15 2 27898 140 22.0
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Date a ooia runI plate TE 0 EM exp MagDae Generaltcomment 1uo01 1Pae# date Caddyt# holder grid#Iage~ quad1 plate # 1 00oooe
2 A5 5 1 28050 50 4.0
6 3 28051 50 4.0
1 A7 7 1 28052 50 4.0
8 3 28053 50 4.0
2 A9 9 1 28054 50 4.0
10 4 28055 50 4.0
1 D4 11 1 28056 50 4.0
12 3 28057 50 4.0
2 C5 13 2 28058 50 40 Cameraiam




































































TEM Im age Data
TEM Image Data
Flame run 3 01 7/2402 7/2402 1 C5 1 2 28059 50 4.0
2 4 28060 50 4.0
3 4 28061 50 4.0
4 2 28062 50 4.0
WMH-FR1BIPC 3 72 7/210 7/2402 1 01 1 1 28188 50 4.0 Nanotubes
2 1 28189 100 4.0 Nanoubes
3 1 28190 200 4.0
4 1 28191 50 4.0
5 2 28192 50 4.0 nanotubes
6 2 28193 50 4.0 nanotubes
7 2 28194 50 4.0
8 3 28195 50 4.0
9 4 28196 50 4.0 nanotubes
10 4 28197 50 4.0
2 03 11 1 28198 50 4.0
12 2 28199 20 4.0 nanotubes
13 2 28200 50 4.0 nanotubes
14 2 28201 50 4.0
15 3 28202 50 4.0 nanotubes
16 3 28203 50 4.0
17 4 28204 50 4.0 nanotubes
18 4 28205 50 4.0
1 G5 19 1 28206 50 4.0
20 2 28207 50 4.0
21 3 28208 50 4.0
22 4 28209 50 4.0
2 07 23 1 28210 50 4.0
24 2 28211 50 4.0
25 3 28212 50 4.0
26 4 28213 50 4.0
1 G9 27 1 28214 50 4.0
28 2 28215 50 4.0
29 3 28216 50 4.0
30 4 28217 50 4.0
2 11 31 1 28218 50 4.0
32 2 28219 50 4.0
33 3 28220 50 4.0
34 4 28221 50 4.0
WMH-FR1IPC 3 80 7/3102 7/2402 1 13 1 1 28365 50 4.0
2 2 28366 50 4.0
3 3 28367 50 4.0
4 4 28368 50 4.0
MUH-FR1b1PC 3 s0 7/231 72402 2 K2 5 1 28369 50 4.0 Nanotubest
6 1 28370 140 4.0 Nanotubes
7 1 28371 50 4.0
8 2 28372 50 4.0 Blown flament




























































































































































































































































3 100 8e02 72402
6 4 28395 20 4.0 nanstubes
7 4 28396 50 4.0 nanotubes
8 4 28397 100 4.0 nantubes
9 4 28398 50 4.0
2 K4 10 1 28399 50 4.0
11 1 28400 50 4.0 nanotubes
12 2 28401 50 4.0
13 3 28402 50 4.0
14 3 28403 50 4.0 nandtubes
15 4 28404 50 4.0
1 K6 16 1 28405 50 4.0
17 2 28406 50 4.0 nanotubes
18 2 28407 50 4.0
19 3 28408 50 4.0
20 4 28409 50 4.0
2 K8 21 1 28410 50 4.0
22 2 28411 50 4.0
23 2 28412 50 4.0 nanotubes
24 3 28413 50 4.0
25 4 28414 50 4.0 nanotubes
26 4 28415 50 4.0
1 L9 27 1 28416 50 4.0
28 2 28417 50 4.0
29 3 28418 50 4.0 nandoubes
30 3 28419 50 4.0
31 4 28420 50 4.0
2 M2 32 1 28421 50 4.0
33 4 28422 50 4.0
34 3 28423 50 4.0
35 2 28424 50 4.0
1 M4 36 1 28425 50 4.0
37 2 28426 50 4.0
38 3 28427 50 4.0
39 nottaken
7/2402 2 RI 40 1 28428 50 4.0
41 2 28429 50 4.0
42 3 28430 50 4.0






















2 R5 8 1 28449 50 4.0
9 2 28450 50 4.0 cluster
10 2 28451 50 2.8 cluster
11 2 28452 50 5.6 cluster exp
12 3 28453 50 4.0
13 4 28454 50 4.0
1 R7 14 1 28455 50 4.0 Adividual'e
15 2 28456 50 4.0
16 3 28457 50 4.0
17 4 28458 50 4.0
2 R9 18 1 28459 50 4.0
19 2 28460 50 4.0
20 3 28461 50 4.0
21 4 28462 50 4.0
1 T3 22 1 28463 50 4.0
- --- f -- -- .-i __ AI
Corrment Tot Month File Hyperink
181 3 14AugO2_6.bmp 14Auo02 6.bmrn
182 3 14AugO2_7.bmp 14AuOq02 7.bmrn
183 3 14Aug02_8.bmp 14Auao02 bmo
184 3 14Aug02_9.bmp 14Auq02 9 .bm
185 3 14Aug02_10.bmp 14Auq02 10.bm
186 3 14Aug02 11.bmp 14Aua02 1 l.bm
187 3 14Aug02 12.bmp 14Au02 12.bm
188 3 14Aug02 13.bmp 14Aua02 13.bmc
189 3 14Aug02_14.bmp 14Auq02 14.bmo
190 3 14Aug02_15.bmp 14Auaq02 15.bmp
191 3 14Aug02_16.bmp 14Aua02 16.bmp
192 3 14Aug02_7.bmp l4Aua2 17.bm
193 3 14Aug02_18.bmp 14Aua02 18.bmo
194 3 14Aug02_19.bmp 14Aua02 19.bmd
195 3 14Aug02_20.bmp 14Au02 20.bmu
196 3 14Aug02_21.bmp 14Au02 21.bmo
197 3 14AugO2_22.bmp 14Auq02 22.bmp
198 3 14Aug02_23.bmp 14Aug02 23.bmp
199 3 14Aug02_24.bmp 14Auq02 24.bmp200 3 l4Aug02_25.bmp 14AuaO2 25.bmp
201 3 14AugO2_26.bmp 14AuaO2 26.bmp
202 3 14AugO2_27.bmp 14Aua02 27.bmo
203 3 14AugO2_28.bmp 14Aua02 28.bmo
204 3 14Aug02_29.bmp 14Auq02 29.bmp
205 3 14Aug02_30.bmp 14Aua02 30.bmp
206 3 14Aug02_31.bmp 14Aua02 31.bm
207 3 14Aug02_32.bmp 14AuO02 32.bmp
208 3 14AugO2_33.bmp 14AuaL2 33 bm
209 3 14Aug02_34.bmp 14Aua02 34.bm
210 3 14Aug02_35.bmp 14Aua02 35.bmp
211 3 14Aug02_36.bmp 14Aua02 36.bmp
212 3 14Aug02_37.bmp 14Auq02 37.bmp
213 3 14Aug02_38.bmp 14Auq02 38,bmp
214 3 14Aug02_39.bmp 14Aua02 39.bmp
215 3 14Aug02_40.bmp 14Auo02 40.bmp
216 3 14Aug02_41.bmp 14Au02 41.bmp
217 3 14AugO2_42.bmp 14Aua02 42.bmp
218 3 14AugO2_43.bmp 14Au02 43.bmp
219 3 15Aug02_1.bmp 15Aua02 1 .bmp
220 3 15Aug02_2.bmp 15Aua02 2.bm
e 221 3 15Aug02_3.bmp 15Aua02 3.bmp
222 3 15Aug02 4.bmp 15Aug02 4.bmp
223 3 15Aug02_5.bmp 15Aua02 5.bmp
cluster 224 3 15Aug02_6.bmp 15Aua02 6.br m
cluster 225 3 15Aug02_7.bmp 15Auq02 7.bmo
226 3 15Aug02_8.bmp 15Aua02 8.bmp
227 3 15Aug02_9.bmp 15Aua02 9.bmp
228 3 15Aug02_10.bmp 15Aua02 10.bmp
osure test 229 3 15Aug02 11.bmp 15Aua02 11 bmp
230 3 15Aug02_12.bmp 15Aua02 2 12.bm
231 3 15Aug02 13.bmp 15Aua02 13.bmo
ig' clusters 232 3 15Aug02_14.bmp 15Aua02 14 bmo
233 3 15Aug02_15.bmp 15Auo ? 1rbmn
234 3 15Aug02_16.bmp 15Aua02 16 bmo
235 3 15Aug02_17. bmp 15Aua02 17.bm p236 3 15Aug02_18.bmp 15Aua02 18.bmp
237 3 15Aug02_19.bmp 15Aug02 19bmp
238 3 15Aug02_20.bmp 15Aua02 20.bmo
239 3 15Aug02_21.bmp 15Aua02 21 bmp
240 3 15Aug02_22.bmp 15Aua02 22 bmp
8/1 012003; Page 4
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Root image director E:AMasNie_OigartortM urraytResearchlMlcroscopywTEM
M quad plate # eIp












































23 2 28464 50 4.0
24 3 28465 50 4.0









2 A3 5 1 28513 50 2.8 Appears clear Not used inflame?
6 2 28514 50 2.8
7 3 28515 50 2.8
8 4 28516 50 2.8
1 A5 9 1 28517 50 2.8
10 2 28518 50 2.8
11 3 28519 50 2.8
12 4 28520 50 2.8
2 A7 13 1 28521 50 2.8
14 2 28522 50 2.8
15 3 28523 50 2.8
16 4 28524 50 2.8
1 A9 17 3 28525 50 2.8 Not much filmleft on grid
18 4 28526 50 2.8
19 1 28527 50 2.8
20 2 28528 50 2.8
2 C1 21 1 28529 50 2.8
22 2 28530 50 2.8
23 3 28531 50 2.8
24 4 28532 50 2.8




PC with coolng efect(r see inD 144 at2W/2 a= 1 01 1 1 29446 80 2.8 Carbon balls
2 2 29447 80 2.8 Carbon balls
3 2 29448 80 2.8 Carbon balls
4 2 29449 80 2.8 Carbon balls
5 3 29450 80 2.8 Carbon balls
6 3 29451 140 2.8 Nanotubes
7 3 29452 80 2.8 Nanotubes
8 3 29453 80 2.8 Nanotubes
9 4 29454 80 2.8 Facets
2 03 10 1 29455 80 2.8 Agglomerate
11 1 29456 80 2.8 Agglomerate
12 2 29457 80 2.8 Agglomerate
1 05 13 1 29458 80 2.8 SmallerC balls
14 2 29459 100 2.8 Nanotube
15 3 29460 80 2.8 Agglomerate
16 4 29461 80 2.8 Agglomerate
2 07 17 1 29462 80 2.8 Small C
18 3 29463 80 2.8 Facet egg
19 4 29464 80 2.8 Small egg
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TEM Im age Data
Root image directorY E:M ashie_ igatotM urrayResearch\MicroscopylTEM
F f n TEM I Mag











2 K4 11 1 29836 100 2.8 sphere
12 1 29837 80 2.8 trimer (eagle)
13 4 29838 80 2.8 cluster
1 L7 14 1 29839 80 2.8 Nanotubes (clean)
15 2 29840 80 2.8 cluster (small)
16 3 29841 80 2.8 clusters
17 4 29842 80 2.8 cluster

































































10 centre 41633 140 2.8 nanctubes
11 centre 41634 200 2.8 nanotubes
12 centre 41635 270 5.6 nanotubes
13 centre 41636 370 5.6 nanotubes
14 1 41637 270 2.8 nanotubes(film exposure time test)
15 1 41638 270 4.0 nanotubes(film exposure time test)
16 1 41639 270 5.6 nanotubes(film exposure time test)
17 1 41640 200 2.8 nanotubes
PC with(Arsee inj) ring@ 20mm 4 23 10A 2 109.2 1 Al 1 1 30897 80 2.8 cluster
2 1 30898 80 2.8 clusterNT
3 2 30899 50 2.8 cluster
4 4 30900 80 2.8 cluster
2 E5 5 2 30901 80 2.8 clusterNT
6 3 30902 80 2.8 cluster
7 4 30903 80 2.8 cluster
1 A7 8 4 30904 80 2.8 cluster
9 1 30905 80 2.8 cluster
10 2 30906 80 2.8 cluster
2 E9 11 1 30907 80 2.8 cluster
12 2 30908 80 2.8 cluster
13 3 30909 80 2.8 cluster
14 4 30910 370 5.6 cluster
15 4 30911 450 8.0 cluster
HRTEMwilh M.Frongilo(l2M402 4 24 10/12 8r a 1 K2 1 Nanotube & metalic particles
iPC with(At see inj)ring 20mm 4 32 11/52 10a2 1 L 1 1 41526 80 2.8 discrete particles
pN= 1.4 2 2 41527 80 2.8 discrete particles
3 3 41528 80 2.8 discrete particles
4 3 41529 200 2.8 close up of 3
2 L3 5 1 41530 80 2.8 discrete particles
6 2 41531 80 2.8 discrete particles
7 3 41532 80 2.8 discrete particles
1 L7 8 1 41533 80 2.8 discrete particles
9 2 41534 80 2.8 discrete particles
10 3 41535 80 2.8 discrete particles
2 19 11 1 41536 80 2.8 discrete particles
12 2 41537 80 2.8 discrete particles
13 3 41538 80 2.8 discrete particles
Burner face residues (red pwder) 4 4 r11n 112 1 F1 1 2 41624 140 2.8 metallic particles
2 2 41625 80 2.8 metallic particles
3 1 41626 80 2.8 metallic particles
4 1 41627 150cm 2.8 metallic particles (DIFFRACTION)
5 1 41628 80 2.8 metallic particles
6 1 41629 200 2.8 metallic particles
7 3 41630 150cm 2.8 metallic particles (DIFFRACTION)
8 3 41631 80 2.8 metallic particles
Surner hamber residue(blad soo 4 4 11/0 11180a2 2 El 9 centre 41632 80 2.8 nanctubes
Tot IMonth





305 3 70ct02_1 1.bmp
306 3 70ct02_12.bmp
307 3 70ct02_1 3.bmp
308 3 70ct02_14.bmpn
309 3 70ct02_ 5.bmp
310 3 70ct02_16.bmp
311 3 70ct02_1 7.bmp
312 3 70ct02_18.bmp
313 3 70 ct02_19. bmp










324 3 90 ct02_10. bmp
325 3 90 ct02_11.bmp
326 3 90 ct02_1 2.bmp
327 3 90ct02_1 3. bmp
328 3 90ct02_1 4.bmp
329 3 90ct0215 .bmp
330 3 240ct02 1.bmp









340 3 6Nov 02_10.bmp
341 3 6Nov02_11 .bmp











353 3 9Nov 2002_10. bmp
354 3 9Nov2002_11.bmp
355 3 9Nov2002_12.bmp
356 3 9Nov 2002_13.bmp
357 3 9Nov2002_14.bmp
358 3 9Nov 2002_15.bmp
359 3 9Nov2002_16.bmp
360 3 9Nov2002_17.bmp
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18 1 41641 140 2.8 nanotubes
19 1 41642 100 2.8 nanotubes
20 1 41643 80 2.8 nanctubes
21 2 41644 370 8.0 nanotubes
22 2 41645 270 4.0 nanotubes
23 2 41646 200 2.8 nanotubes
24 2 41647 140 2.8 nanotubes
25 2 41648 100 2.8 nanotubes
26 2 41649 80 2.8 nanotubes
27 2 41650 50 2.8 nanctubes
28 2 41651 20 2.8 nanotubes
1 N1 29 1 41652 80 2.8 particles
30 2 41653 80 2.8 particles
31 3 41654 80 2.8 particles
32 4 41655 80 2.8 particles
4 81 11/7/02 10902
Comment
2 N3 33 1 41656 80 2.8 particles
34 2 41657 80 2.8 particles
35 3 41658 80 2.8 particles
36 4 41659 80 2.8 particles
1 N5 37 1 41660 80 2.8 nanotubes
38 1 41661 80 2.8 clusters
39 2 41662 80 2.8 nanotubesoverhole
40 2 41663 200 2.8 nanotubesoverhole
41 2 41664 370 8.0 nanotubesoverhole
42 3 41665 80 2.8 nanotubes
2 N7 43 3 41666 80 2.8 nanotubetangle
44 3 41667 200 2.8 nanotubetangle
45 2 41668 80 2.8 nanotubes
46 4 41669 100 2.8 single nanotubes
47 4 41670 80 2.8 nanotubescluster
1 N9 48 1 41671 80 2.8 nanotube & cluster
49 2 41672 80 2.8 nanotube & cluster
50 3 41673 80 2.8 nanotube & cluster
51 4 41674 80 2.8 nanotube & cluster
2 M2 52 1 41675 80 2.8 cluster
53 2 41676 80 2.8 cluster
54 3 41677 80 2.8 cluster
55 4 41678 80 2.8 cluster
1 M4 56 1 41679 80 2.8 cluster
57 2 41680 80 2.8 cluster
58 3 41681 80 2.8 cluster
59 4 41682 80 2.8 cluster
1 P1 1 3 41700 200 4.0 nanotube curl
2 3 41701 140 2.8 nanotube curl
3 3 41702 100 2.8 nanotube curl
4 3 41703 80 2.8 nanotube curl
5 3 41704 80 2.8 short nanotube
6 3 41705 80 2.8 particles
7 3 41706 80 2.8 DUD shot (particle)
8 2 41707 100 2.8 nanotube/cluster
9 2 41708 100 2.8 nanotube curls
10 2 41709 140 2.8 nanatubelsmall cluster
11 1 41710 140 2.8 cluster (particles)
2 02 12 1 41711 140 2.8 cleannlong NT
13 1 41712 140 2.8 clean/long NT
14 1 41713 370 8.0 strange NT formation
15 1 41714 270 4.0 strange NT formation
16 1 41715 200 2.8 strange NT formation
17 1 41716 140 2.8 strange NT formation




361 3 9Nov 2002_18.bmp
362 3 9Nov2002_19.bmp
363 3 9Nov2002_20.bmp




368 3 9Nov 2002_25. bmp



































404 3 11Nov02_2. bmp
405 3 11Nov02_3. bmp
406 3 11Nov02_4. bmp
407 3 11Nov02_5. bmp
408 3 11Nov02_6. bmp
409 3 11Nov02_7. bmp
410 3 11Nov02_8. bmp
411 3 11Nov02_9. bmp
412 3 11Nov02_10.bmp
413 3 11Nov02 11.bmp
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11/116/2002 C omprehensw.e flarme run (phi1.7)




























































































11.0 nanotube from sphere
4.0 nanotube from sphere
2.8 nanotube from sphere
6.0 nanctubetangent to sphere
4.0 nandubetangent to sphere
2.8 nanctube tangent to sphere
4.0 startend
2.8 particles
4.0 nanotube from particles
2.8 nanotube from particles
2.8 cluster
2.8 nanotubes
4 3 11/7/02 10o2 1 P5 1 3 41764 270 2.8 nanotube cluster
2 3 41765 140 2.8 nanotube cluster
3 3 41766 50 2.8 nanotube cluster
4 3 41767 80 2.8 particles
5 2 41768 140 2.8 cluster
6 2 41769 270 2.8 single nanotubes
7 2 41770 140 2.8 single nanotubes
8 4 41771 270 8.0 nanotube cluster
9 4 41772 140 2.8 nanstube cluster
10 4 41773 50 2.8 nandoube cluster
11 4 41774 270 2.8 single nanotubes
12 4 41775 370 5.6 single nanotubes
2 06 13 2 41776 80 2.8 particles
14 3 41777 140 2.8 cluster with some NT
15 3 41778 270 4.0 nanotubefrom catalyst
16 3 41779 140 2.8 nanotube from catalyst
4 70 11/7/2 102o 1 P3 1 1 41828 270 2.8 nanotubes
2 1 41829 140
3 1 41830 80
4 1 41831 370
5 1 41832 80
6 2 41833 200
7 2 41834 200
8 2 41835 370






2.8 nanotube small cluster
5.6 nanotube small cluster
2.8 cluster
TotS lt s File Hyperink
421 3 11NovO02_19.bmp 11Nov02 19.bmp
422 3 11Nov02_20.bmp 11Nov02 20.bmn
423 3 11Nov02_21.bmp A11Nov l 1 n.
424 3 11Nov02_22.bmp 11Nov02 22.bmp
425 3 11Nov02_23.bmp 11Nov02 23.bmp
426 3 11Nov02_24.bmp 11 Nov02 24.bmp
427 3 11Nov02_25.bmp 11Nov02 25.brrm
428 3 11Nov02_26.bmp 11Nov02 26.bmp
429 3 11Nov02_27.bmp 11Nov02 27.bmp
430 3 11Nov02_28.bmp 11Nov02 28.bmP
431 3 12Nov02 1.brmp 12Nov02 1.bmp
432 3 12Nov02_2.bmp 12Nov02 2.bmp
433 3 12Nov02_3.bmp 12Nov02 3.bmp
434 3 12Nov02_4.brp 12Nov02 4.bmo
435 3 12Nov02_5.bmp 12Nov02 5.bm
436 3 12Nov02_6.bmp 12Nov02 6.bmo
437 3 12Nov02_7.bmp 12Nov02 7.bmo
438 3 12Nov02_8.bmp 12Nov02 8.bmp
439 3 12Nov02_9.bmp 12Nov02 9.bmp
440 3 12Nov02_10.bmp 12Nov02 10.bmon
441 3 12Nov02_11.bmp 12Nov02 11 bmp
442 3 12Nov02_12.bmp 12Nov02 12.bm
443 3 12Nov02_13.bmp 12Nov02 13.bmp
444 3 12Nov02_14.bmp 12Nov02 14.bmn
445 3 12Nov02_1 5.bmp 12Nov02 15.bmp
446 3 12Nov02_16.bmp 12Nov02 16.bmp
447 3 12Nov02 17.bmp 12Nov02 17.bmp
448 3 12Nov02_18.bmp 1.2Nov 2 18.bn-o
449 3 12Nov02 19.bmp 12Nov02 19.bmp
450 3 12Nov02_20.bmp 12Nov02 20.bmp
451 3 12Nov02_21.bmp 12Nov02 21.bmp
452 3 12Nov02_22.bmp 12Nov02 22.bn6
453 3 12Nov02_23.bmp 12Nov02 23.bmp
454 3 12Nov02_24.bmp 12Nov02 24.bmr
455 3 12Nov02_25.bmp 12Nov02 25.bmp
456 3 13Nov02) .bmp 13Nov02 1 .bmo
457 3 13Nov02_2.bmp 13Nov02 2.bmo
458 3 13Nov02 3.bmp 13Nov02 3.bmp
459 3 13Nov02 4.bmp 13Nov02 4.bmp
460 3 13Nov02 5.bmp 13Nov02 5.bmp
461 3 13Nov02_6.brnmp 13Nov02 6 bmP
462 3 13Nov02_7.brnmp 13Nov02 7.bmp
463 3 13Nov02_8.bmp 13Nov02 8,bmp
464 3 13Nov02_9.bmp 13Nov02 9.bmp
465 3 13Nov02 10.bmp 13Nov02 10.bmp
466 3 13Nov02_11.bmp 13Nov02 11 .bmp
467 3 13Nov02_ 2.bmp 13Nov02 12bnm
468 3 13Nov02_13.bmp 13Nov02 13.bna
469 3 13Nov02_14.bmp 13Nov02 14.bnmp
470 3 13Nov02 15.bmp 13Nov02 15.bmp
471 3 13Nov02_16.bmp 13Nov02 16.bmp
472 3 16Nov02_1.bmp 16Nov02 1.bmp
473 3 16Nov02_2.bmp 16NoLv02 .brn
474 3 16Nov02 3.bmp 16Nov02 3.bm
475 3 16Nov02_4.bnmp 16Nov02 4.bmo
476 3 16Nov02_5.bmp 16Nov02 5.bmp
477 3 16Nov02_6.bmp 16Nov02 6.bmo
478 3 16Nov02_7.bmp 16Nov02 7.bmp
479 3 16Nov02_8.bmp 16Nov02 8.bmo
480 3 16Nov02_9.bmp 16Nov02 9 .bm
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11/1912002 Coprehinsre flame run (phi=17)














10 3 41837 370 8.0 nanoubeschluster
11 3 41838 140 2.8 nancdubes/cluster
12 3 41839 80 2.8 small tubes between particles
13 3 41840 140 2.8 particles
14 3 41841 270 4.0 particles
15 3 41842 370 8.0 particles
IR 3 41RA Rnrm iL 20 narliles
2 04 17 1 41844 80 2.8 nanotubelcluster
18 1 41845 370 8.0 nantube over hole
19 1 41846 140 2.8 nanoube over hole
20 2 41847 200 2.8 short NT in cluster
21 2 41848 80 2.8 particles
22 2 41849 200 2.8 single nanotubes
23 3 41850 100 2.8 nanotube cluster
24 3 41851 80 2.8 cluster
1 P7 25 centre 41852 140 2.8 nanotubesicklster
26 1 41853 100 2.8 cluster
27 2 41854 270 4.0 single nanotubes
28 2 41855 370 8.0 single nanotubes
29 2 41856 450 11.0 single nanotubes
30 4 41857 80 2.8 nancdubelcluster
31 4 41858 200 2.8 four particles (NT precursor?)
32 4 41859 270 4.0 single nanotubes
33 4 41860 370 8.0 single nanotubes
34 4 41861 80 2.8 particles
2 08 35 1 41862 270 4.0 single nanotubes
36 1 41863 200 2.8 NT precursor?
37 1 41864 80 2.8 particles
38 4 41865 270 4.0 particles
39 4 41866 270 5.6 particles
40 4 41867 80 2.8 particles
1 P9 41 1 41868 80 2.8 nancdubescluster
42 1 41869 80 2.8 particles
43 1 41870 270 4.0 start of tubes?
44 2 41871 370 8.0 nanotubes
45 2 41872 80 2.8 clusters
46 3 41873 80 2.8 particles
2 010 47 4 41874 270 4.0 interesting diner
48 4 41875 80 2.8 particles
49 1 41876 140 2.8 single nanotubes
50 1 41877 270 4.0 single nanotubes
1 R1 51 1 41878 80 2.8 particles
52 2 41879 80 2.8 particles
53 3 41880 80 2.8 particles






















4 70 117/02 10o02 1 R5 1 1 41933 80 2.8 particles
4 95 11A2 1lOD2 1 N7 1 4947 500 nanotubesicluster
2 4948 800 nandtubesicluster
3 4949 600 nanotubesicluster
4 4950 600 nanoubesicluster
5 4951 800 nandoubes/cluster
6 4952 600 nanodubesicluster
7 4953 600 nanctubescluster























16Nov02 19.bmp 16Nov02 19.bmrr
16Nov02 20.bmp 16Nov02 20.bmn





16Nov02_26.bmp 16Nov02 26.br o




16Nov02_31 .bmp 16Nov02 31 .bnmo
16Nov02_32.bmp 16Nov02 32.bmp















16Nov02_48.bmp 16Nov02 48 bmp
16Nov02_49.bmp 16Nov02 49.bm
16Nov02_50.bmp 16Nov02 50.bmp




16Nov02_55.bmp 16Nov02 55 bmp




5DecO2_4950.bmp 5Dec02 4950 brmo
5Dec02_4951.bmp 5Dc0i2 4951 brr
5Dec02_4952.brrmp 5Dec02 4952 brr




6Dec2002_5007.bmp 6Dec2002 5007 bmp
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nanotube on amorphous carbon
I
12/6/2002 8 5010 1000 nanolube on amorphous carbon12/612002 9 5011 800 nanotube on amorphous carbon112412003 High resolution TEM(JOEL2000Fq 4 104 7/3102 712402 1 K4 1 6035 210 2.3
1/2412003 2 6036 340 2.5
112412003 3 6037 250 2.4
21512003 STEMssion(Tony Oarrat-Reed) 4 105 713A 7/2402 1 K4 1 Elemental composition maps2/1412003 High resolution TEM(JOEL2000F, 4 111 2/1403 1 Al 1 6254 100 1.1 SWNT bundles
2/1412003 CrboL@xAP(AldrichSWNT) 2 6255 250 4.2 SWNTbundles
2(1412003 3 6256 250 2.7 SWNT bundles2(14/2003 4 6257 340 2.0 SWNT bundles
2(1412003 5 6258 680 4.0 SWNT bundles2(14/2003 6 6259 410 2.4 SWNT bundles
211412003 7 6260 130 3.4 SWNT bundles
2(14/2003 8 6261 10 1.0 SWNT bundles
2/1412003 High reolution TEM(JOEL200F) 4 111 2/1403 1 A3 9 6262 68 3.9 Cluster2(1412003 AldrichSWNT- ater TGAin airto700 10 6263 83cm CL 0.2 Cluster DIFFRACTION
3/82003 High rolution TEM(JOEL2000F, 5 6 303 1180,2 2 H2 1 155 85 2.3 Nanotube web31812003 2 156 130 3.3 Nanotube web3/8/2003 3 157 340 3.0 Nanotubeweb
3/8/2003 4 158 210 1.8 Nanotubelhole3/812003 5 159 340 2.2 Nanotube/hole31812003 6 160 170 1.8 Nanotube/hole
318/2003 7 161 210 3.0 Nanotubelhole31812003 8 162 340 2.4 Nanotube/hole3/812003 9 163 500 2.3 Nanotubelhole
3/812003 10 164 680 3.4 Nanotube/hole
3/82003 11 165 680 2.6 Nanotube/hole
3/812003 12 166 250 5.8 Nanotubelhole
31812003 13 167 410 4.3 Nanotube/hole
31812003 14 168 500 4.7 Nanotube/hole
3/8/2003 15 169 680 2.4 Nanotube/hole
3/812003 16 170 210 3.7 Nanotubelhole
31812003 17 171 410 2.4 Nanotube/hole
3182003 18 172 850 3.1 Nanotube/hole
31812003 19 173 170 2.0 cluster
3182003 20 174 68 2.7 cluster
3123/2003 IPC ooncentration effects (.5 IPC) 5 27 11Sf02 11e02 1 C1 1 84451 270 2.8 nanotube over hole
























84454 370 8.0 nanotubesover hole
84455 270 4.0 nanotubesover hole
84456 270 4.0 nanotubesoverhole
84457 370 4.0 nanotubesoverhole
2 D2 8 84458 80 2.8 particle size distribution
9 84459 80 2.8 cluster
10 84460 100 2.8 nanotubeweb
1 C3 11 84461 80 2.8 particle size distribution
12 84462 270 5.6 nanotubeweb
13 84463 140 2.8 nanotubeweb
14 84464 80 2.8 nanotube web
15 84465 80 2.8 nanotube web
16 84466 270 5.6 nanotube web
17 84467 100 2.8 nanotube web
18 84468 270 5.6 nanotube web
19 84469 450 16.0 nanotube web
20 84470 80 2.8 nanotube web
2 D4 21
22
84471 100 2.8 nanotubeweb
84472 80 2.8 particle size distribution
Schraer File Hyperink
541 3 6Dec2002_5008.bmp 6Dec2002 5008.bmp
542 3 6Dec2002_5009.bmp 6Dec2002 5009.bmp
543 3 6Dec2002 5010.bmp 6Dc20D1 5010.bmo





549 3 14Feb03_1.bmp 14Feb03 1 .bmp
550 3 14Feb03_2.bmp 14Feb03 2.bmp
551 3 14Feb03_3.bmp 14Feb03 3.bmp
552 3 14Feb03_4.bmp 14Feb03 4.bmp
553 3 14Feb03_5.bmp 14Feb03 5.bmp
554 3 14Feb03_6.bmp 14Feb03 6.bmo
555 3 14Feb03 7.bmp 14Feb03 7.bmp
556 3 14Feb03_8.bmp 14Feb03 8.bmo
557 3 14Feb03_9.bmp 14Feb03 9.bmp
558 3 14F eb03_1 O.bmp 14Feb03 10.bmp
559 3 8M ar03_1.bmp 8M ar03 1 .bmp
560 3 8M ar03_2.bmp 8M ar03 2.bmp
561 3 8MarO3_3.bmp 8M ar03 3.bmo
562 3 8M ar03_4.bmp 8Mkar03 4.bmp
563 3 8M ar03 5.bmp 8M ar03 5.bmp
564 3 8Mar03_6.bmp 8Mar03 6.bm
565 3 8M ar03_7.bmp 8M ar03 7.bmp
566 3 8M ar3_8.bmp 8Mar03 8.bmp
567 3 8M ar03_9.bmp M ar03 9 .bmp
568 3 8Mar03 10.bmp 8MarO3 10.bmo
569 3 8Mar03_11. bmp 8Mar03 11 bmp
570 3 8Mar03 12.bmp 8Mar03 12.bmo
571 3 8Mar03_13.bmp 8Mar03 13.bmp
572 3 8Mar03_14.bmp 8Mar03 14. bmp
573 3 8Mar03_15.bmp 8Mar03 15. bm
574 3 8Mar03 16.bmp 8Mar03 16 bmp
575 3 8Mar03_17.bmp 8Mar03 17.bmp
576 3 8Mar03_18.bmp 8Mar03 18 bm
577 3 8Mar03_19.bmp 8Mar03 19.bmp
578 3 8Mar03_20.bmp 8Mar03 20 bmp
579 3 23Mar03_1.bmp 23Mar03 l.bmp
580 3 23Mar03_2.bmp 23Mar03 2.bmp
581 3 23Mar03_3.bmp 23Mar03 3. bmp
582 3 23Mar03_4.bmp 23Mar03 4 bm o
583 3 23Mar03_5.bmp 23Mar03 5.bmp
584 3 23Mar03_6.bmp 23Mar03 6.bmp
585 3 23Mar03_7.bmp 23Mar03 7.bmo
586 3 23Mar03_8.bmp 23Mar03 8.bmp
587 3 23Mar03_9.bmp 23Mar03 9.bmp
588 3 23M ar03_1 O10.bmp 23Mar03 10 .bmp
589 3 23M ar03_l 1.bmp 23M ar03 11. b p590 3 23M ar03_12.bmp 23M ar03 12. bmp
591 3 23Mar03_13.bmp 23Mar03 13.bmp
592 3 23M ar03_14.bmp 23M ar03 14 bif
593 3 23M ar03_15.bmp 23M ar03 15. bmo
594 3 23M ar03_16.bmp 23M ar03 16. bm
595 3 23M ar03_1 7.bmp 23M ar3 17 bmp
596 3 23M ar03_18.bmp 23M ar03 18. bmo
597 3 23M ar03_19.bmp 23M ar03 19.bmp
598 3 23M ar03_20.bmp 23M ar03 20 bmp
599 3 23M ar03_21.bmp 23M ar03 21 bmin
600 3 23M arO3_22.bmp 23M ar03 22 bmp
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TEM Im age Data
Root image directoryE:MasNeGigartorlM urraylResearchMicroscopy TEM
So PseFlame quad pk  0 1 e00)
I I dae 1$lo # I
PC conaertation efcts(0.5 IPC)
(JOEL20DC)
70 1180 11803 C5




























































8 4 84789 200 2.8 single nanotube over hole
2 D6 9 1 84790 80 2.8 particle sie distribution
10 2 84791 270 2.8 nancdube over hole
11 2 84792 80 4.0 particle sie distribution
12 3 84793 270 2.8 nanotube over hole
13 3 84794 80 4.0 particle sie distribution
14 4 84795 80 2.8 particle ste distribution
1 Al 15 1 84796 200 2.8 discrete nanotube
16 1 84797 140 2.8 nandoubes
17 1 84798 80 2.8 particle ste distribution
18 3 84799 80 2.8 particle sie distribution
19 3 84800 200 2.8 nanotube
2 02 20 1 84801 80 2.8 clean nanotubes
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12.6 Selected TEM images
288
12.6.1 Particle formation profile
TEM images corresponding to discrete particles sampled at various height above
burner (HAB). Thermophoretic samples from premixed acetylene/oxygen/15 mol% argon
flame, j = 1.7, P = 50 Torr, v = 30 cm/s cold feed gas velocity, 6100 ppm Fe(CO)5
dosing concentration (Section 4.3.1).
The image names and corresponding sample information are listed below:








_ I 1 __ _ _~
11Nov02_56.bmp; 20 mm HAB.
11Nov02_48.bmp; 30 mm HAB.
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I I L II

1 INov02_21.bmp; 60 mm HAB.
11Nov02_19.bmp; 70 mm HAB.
292
- --- - -
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12.6.2 Nanotube formation zone
TEM images corresponding to various height above burner (HAB). Thermophoretic
samples from premixed acetylene/oxygen/15 mol% argon flame, P = 50 Torr, v = 30
cm/s cold feed gas velocity, 6100 ppm Fe(CO)5s dosing concentration (Section 5.5.3).
The image names and corresponding sample information are listed below:
# Image filename IIAB (mm) Time (ms)
1 14Aug02_39.bmp 20 13
2 14Aug02_27.bmp 30 20
3 14Aug02_25.bmp 40 27
4 14Aug02_17.bmp 50 35
5 14Aug02_l .bmp 60 44
6 14Aug02_6.bmp 70 53
293
_ I II
14Aug02_39.bmp; 20 mm HAB, 13 ms
14Aug02_27.bmp; 30 mm HAB, 20 ms.
294
14Aug02_25.bmp; 40 mm HAB, 27 ms.
14Aug02_17.bmp; 50 mm HAB, 35 ms.
295
__ 
--- I----CC-- I~----s __rCC-- -
14Aug02_l .bmp; 60 mm HAB, 44 ms.
14Aug02_6.bmp; 70 mm HAB, 53 ms.
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12.6.3 Formation transition conditions
TEM images corresponding to various fuel equivalence ratios (4). Thermophoretic
samples collected at 70 mm HAB from premixed acetylene/oxygen/15 mol% argon
flame, P = 50 Torr, v = 30 cm/s cold feed gas velocity, 6100 ppm Fe(CO) 5 dosing
concentration (Section 5.5.5).
The image names and corresponding sample information are listed below:
# Image filename
1 9Nov2002 31; 9Nov2002_32 1.4
2 9Nov2002 33; 9Nov2002 34 1.5
3 14Aug2002_7; 14Aug2002_14 1.6
4 12Nov2002 12; 9Nov2002 43 1.7
5 9Nov2002_48; 9Nov2002_51 1.8
6 9Nov2002_53; 9Nov2002_52 1.9
7 9Nov2002_56; 9Nov2002_59 2.0
297
IIICI 
.~-I- I I II
9Nov2002 31; HAB = 75
= 1.5 9Nov2002_33; HAB = 75 9Nov2002_34; HAB = 75
298
~L- _---__-.. _ -- C
~II __ ~__ _
_?
9Nov2002_32; HAB = 75S= 1.4
= 1.6 14Aug2002_7; HAB = 60 14Aug2002_14; HAB = 60
12Nov2002_12; HAB = 65 9Nov2002_43; HAB = 75
299
_ I -- -CI------ ---- --L-=-- ----------- --RL=II~- ~I
= 1.8 9Nov2002_48; HAB = 75 9Nov2002_51; HAB = 75
(I= 1.9 9Nov2002_53; HAB = 75 9Nov2002_52; HAB = 75
300
_ --C--
9Nov2002_56; HAB = 75 9Nov2002_59; HAB = 75
301
__ I_~=_~:_ ___ __~___ _I~I__ _ II C __
12.6.4 Precursor concentration effects
TEM images corresponding to various Fe(CO)5 doping concentrations.
Thermophoretic samples collected at 60 mm HAB from premixed acetylene/oxygen/15
mol% argon flame, P = 50 Torr, v = 30 cm/s cold feed gas velocity, 4 = 1.7. (Section
5.5.6).
The image names and corresponding sample information are listed below:










_ ;_-___ _ii-Y---~iRIC1_.. _- ~--I-__
12Nov02_12.bmp; 6100 ppm Fe(CO) 5 concentration; j = 1.7, 60 mm HAB.
304
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23Mar03_10.bmp; 12200 ppm Fe(CO) 5 concentration; q = 1.7, 60 mm HAB.
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12.6.5 Nanotube structure
TEM images corresponding to various Fe(CO)5 doping concentrations. Chamber
flange sample from premixed acetylene/oxygen/15 mol% argon flame, P = 50 Torr, v =
30 cm/s cold feed gas velocity, 4 = 1.7. (Section 5.5.7).










----- . . - =-:;;~----- -;gI I t-
3) 9Nov2002_24.bmp (closeup)
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12.6.6 Other structures
TEM images showing the various condensed phase structures observed in the
premixed acetylene/oxygen/15 mol% argon flame (P = 50 Torr, v = 30 cm/s cold feed gas
velocity, 4 = 1.7. Thermophoretic samples collected from 70 or 75 mm HAB (Section
5.5.8).
The image names and corresponding sample information are listed below:
# Image filename Structures HAB (mm)
1 11Nov02_24.bmp Nanotubes 70
2 11Nov02 20.bmp Clusters 70
3 11Nov02_6.bmp Discrete particles 75
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1) 11Nov02_24.bmp; = 1.7, 70 mm HAB.
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2) 11Nov02_20.bmp; = 1.7, 70 mm HAB.
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3) 11Nov02_6.bmp; 4 = 1.7, 75 mm HAB.
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12.6.7 Characterization HRTEM
High resolution TEM images of flame generated material showing bundles of single-
walled carbon nanotubes. Premixed acetylene/oxygen/15 mol% argon flame (P = 50 Torr,
v = 30 cm/s cold feed gas velocity, 4 = 1.7. Thermophoretic samples collected from 70 or
75 mm HAB (Section 6.2.1).
The image names and corresponding sample information are listed below:
1 9Nov2002_40.bmp 1.6 75
2 9Nov2002_41.bmp 1.6 75
3 8Mar03_16.bmp 1.7 70
4 8Mar03_16.bmp 1.7 70
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9Nov2002_40.bmp; j = 1.6, 75 mm HAB.
9Nov2002_41.bmp; 4 = 1.6, 75 mm HAB (closeup).
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8Mar03_16.bmp; j = 1.7, 70 mm HAB.
8Mar03_16.bmp; f = 1.7, 70 mm HAB (closeup).
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12.6.8 Metallic nanoparticles
High resolution TEM image of flame generated material showing metallic
nanoparticles. Premixed acetylene/oxygen/15 mol% argon flame (P = 50 Torr, v = 30
cm/s cold feed gas velocity, ) = 1.6, thermophoretic sample collected from 70 mm HAB.
Image obtained using JOEL 2010 (Section 6.3.1).
The image names and corresponding sample information are listed below:









12.7.1 Temperature data & radiation correction
Flame temperature profiles were measured using Type S thermocouples (Pt/Pt-
10%Rh) with bead junction diameter of 300 ± 50 rpm. A sample radiation correction
calculation is shown as follows:
Sample calculation:
The expression used for radiation correction is (1):
TC = Tm + TD 4 _T O4)2k m
Using the parameter values in the table below:
Tc = (16 3 3 ) (5.67x108 X0.15X3.0x10-4)((16 3 3 )4 -( 3 0 0 )4)2(0.091)
T, = 1732K
The radiation corrected temperature is therefore 1732 K.
Symbol Value Parameter & source
Tm 1633 K Measured temperature; thermocouple (20.6 mm HAB)
To 300 K Surrounding temperature
a 5.67 x 10 W/m2K4  Stefan-Boltzmann constant
S0.15 Platinum wire emissivity
D 3.0 x 10-4 m Thermocouple junction bead diameter (300 tm)
..................................................... ............................................................................................................. ...............................................................................................................................................................................................................................................................................................
0.025 W/mKk 0.025 W/mK Thermal conductivity. Function of temperature
@ 300 K
* Emissivity values from Hottel & Sarofim (2), Appendix chapter 4, Normal total
emissivities of various surfaces. Platinum wire (0.073-0.182).
# Thermal conductivities (P-- 1bar) from Reid, Prausnitz & Poling (3), Table 10-3, p515
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The as-measured temperature profiles for the standard (central area only) flame and
with the shield (outer annulus) flame on also are shown in the plot below. The










400 -A Standard flame (Radiation corr.)
200 Shield flame on
4- Shield flame on (Radiation corr.)
0 I
0 10 20 30 40 50 60 70 80
HAB (mm)
The temperature profile data for an acetylene/oxygen/argon flame (P = 50 Torr, v =
30 cm/s, f = 1.8) are tabulated in the following table. The measured temperature profiles
for the central flame and shield flame cases are reported with radiation correction
included. Three Chemkin (calculated) temperature profiles are also included. One of the
profiles is the calculated adiabatic temperature profile. The other profiles are variations
on the adiabatic profile, one with a 15% reduction in peak temperature and the second
also has a 54 K/cm temperature decay after the peak temperature to simulate heat losses
from the flame according to the approach adopted by Janzen (4).
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Tabulated temperature profile data
60.0 1243.8 59.7 1561.4 40.0 1708.3 40.0 1837.2 40.0 2161.4
49.7 1291.3 50.0 1596.4 30.0 1762.0 30.0 1837.2 30.0 2161.4
39.6 1341.4 40.4 1638.6 20.0 1815.7 20.0 1837.2 20.0 2161.4
30.2 1392.0 30.1 1688.3 16.0 1837.2 16.0 1837.2 16.0 2161.4
20.7 1449.8 20.6 1732.5 12.0 1832.8 12.0 1832.8 12.0 2156.3
14.8 1495.5 10.6 1745.7 10.0 1827.7 10.0 1827.7 10.0 2150.3
9.9 1544.0 8.0 1819.1 8.0 1819.1 8.0 2140.1
7.1 1562.6 7.0 1811.9 7.0 1811.9 7.0 2131.7
6.0 1801.7 6.0 1801.7 6.0 2119.6
5.0 1786.2 5.0 1786.2 5.0 2101.4
4.5 1774.8 4.5 1774.8 4.5 2087.9
4.0 1759.7 4.0 1759.7 4.0 2070.2
3.5 1739.4 3.5 1739.4 3.5 2046.3
3.0 1710.9 3.0 1710.9 3.0 2012.8
2.5 1669.7 2.5 1669.7 2.5 1964.4
2.0 1607.9 2.0 1607.9 2.0 1891.7
1.8 1564.3 1.8 1564.3 1.8 1840.3
1.5 1509.4 1.5 1509.4 1.5 1775.7
1.3 1440.0 1.3 1440.0 1.3 1694.2
1.0 1221.6 1.0 1221.6 1.0 1424.9
0.9 977.0 0.9 977.0 0.9 1123.4
0.8 750.6 0.8 750.6 0.8 844.2
0.7 573.4 0.7 573.4 0.7 625.9
0.6 456.2 0.6 456.2 0.6 481.4
0.5 391.3 0.5 391.3 0.5 401.4
0.4 361.9 0.4 361.9 0.4 365.1
0.3 351.3 0.3 351.3 0.3 352.1








--- Measured T Profile
-- Measured with annular flame
-0- Chemkin 15% off with heat loss decay
- - - -Chemkin 15% off adiabatic T profile
- Chemkin adiabatic T profile
0 10 20 30 40 50 60 70 1
HAB (mm)
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12.7.2 Residence time calculations
The residence time within the flame can be estimated from the temperature profile
data. Consider a streamtube of constant cross-sectional area extending from the burner
face in the direction of the flow-field. For a given cold-gas feed velocity to the burner,
and assuming the ideal-gas law is applicable, and there is no change in moles in the gas
mixture throughout the streamtube as a simplifying assumption, the following




where vi and Ti are the gas velocity and temperature at position i above the burner, and vo
and To are the velocity and temperature of the cold feed gas.




where ti is the residence time, xi is the distance, and vi is the velocity at point i above the
burner.
Example calculation
For the Chemkin simulated flame temperature profile (15% off with decay) consider
the position at 10 mm HAB. The temperature at 10 mm HAB is calculated to be 1828 K,
and the cold gas feed velocity is 30 cm/s at a temperature of 348 K (bumer temperature).
Therefore the calculated velocity at 10 mm is:
v(10mmHAB) = (30(1828) = 157.6 cm/s
(348)
The residence time can then be calculated:




Estimated residence times for various HAB in an acetylene/oxygen/argon flame ( =
1.8, v = 30 cm/s) are listed in the following table. Calculations are based on the Chemkin
temperature profile (15% off and decay).












Measured with annular flame
Chemkin 85% with heat loss decay
Chemkin 85% of adiabatic T profile





























The yield of nanotubes synthesized in the flame was estimated using the wide-mouth
probe sampling technique described in Section 5.5.9. The sample probe was a 7 mm ID
(wide-mouth) probe positioned at 70 mm HAB in an acetylene/oxygen/15 mol% argon
flame doped with 6100 ppm concentration of iron pentacarbonyl and equivalence ratio of
1.7. The mass of condensed material on the disc after a known sampling time gave an
estimate for the mass production rate. A flame concentration estimate was evaluated
based on a measured volume of the sampled gases passing through the sampling probe.
The measured data and calculations are listed as follows:
Data
Probe sampling height = 86.6825 - 1515.6968 mm
Mass of filter disc circle before run:
Mass of weighing pad (filter paper)
Mass of filter disc + weighing pad + sample
Condensed mass = 0.71380 - (0.63667 + 0.07678)
Sampling area = mrD2/4 = n(0.9)2/4 =
Burner cross-section area = n(7) 2/4 =
Mass production rate
Estimated mass based on entire flame cross-section
= (0.00035)(38.5)/(0.636) =
Mass production rate of condensed material = 0.0212/90 =
Mass feed rates
Carbon feed rate = 0.00183 x 12 =
Iron feed rate = 1.7 x 10-5 x 55.9 =















Per C = 0.000236/0.02196 = 0.01075 = 1.1%
Per Fe = 0.000236/0.0009503 = 0.248 = 24.8 %
Per Fe(CO) 5 = 0.000236/0.0033303 = 0.07086 = 7.1 %
Ratio of nanotubes in condensed material
Based on image in Appendix 12.6.5, assume 50% of area taken up
by condensed material is associated with nanotubes. Then
assuming the remaining condensed material to be iron, the mass
fraction of nanotubes would be:
MNT = 0.50(12/(12+55.9) = 0.0884 = 8.8% - 10%
Yields
Nanotubes per C fed = 1.1 x 0.1 = 1.1 %
Nanotubes per Fe fed = 24.8 x 0.1 = 2.5 %
Nanotubes per Fe(CO) 5 fed = 7.1 x 0.1 = 0.7 %
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12.7.4 EDXS calculations
The composition of particles associated with carbon nanotubes was evaluated using
the STEM and energy dispersive x-ray spectroscopy (EDXS). A typical EDXS spectrum
is shown in the figure below.
100
90 o
Fe FeC80 [Area = 9784.15
S70
a Fe








0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Energy (eV)
The spectrum can be interpreted to give quantitative elemental analysis through
determination of peak areas for each element and use of the Cliff-Lorimer equation.
CA _ BKB I A
C, EAK A IB
where Ci is the concentration of component i (wt%), Ii is the integrated peak intensity for
the peak corresponding to component i, ci are detector efficiency factors, and Ki are x-ray
generation constants for a particular microscope voltage (kV). The values for each of
these parameters is listed in the following table.
325
Parameter Iron (Fe) Oxygen (0) Source
Peak area (1) 9784.15 4504.18 Figure 6-14
Detector efficiency (s) 1.0 1.0 Assumed*
X-ray generation constant (K) 1.23 x 10-24 1.42 x 10-24 Extrapolated (5)#
* Detector assumed to be equally efficient for both iron and oxygen signals.




(1.23 x 10-24) (4504.18)
(1.42 x 1024) (9784.15)
Co = 0.399CFe
giving 1.399CFe
and Co + CFe = 100 (wt%)
= 100
Therefore, the mass composition is: CFe = 71.5 wt%
Co = 28.5 wt%
And the molar composition is found using the relationship
(CAM,)NA = CA B)
(CAMB)+(CBMA)
The molar composition is:
where M are the atomic masses of each element.






_ ____ I 
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Values for the X-ray generation constant evaluated from Zaluzec (5).





extrapolation I 250 1.42E-24 I 1.23E-24





















Checking the validity of the thin-film approximation
The thin-film approximation is valid
element.
Pt sino
p t AB COSP ( E)
if the criterion (W) is less than 0.1 for each
< 0.1




p 7.8 (g/cm 3) Assume same as Fe
t 20 x 10-7 cm (20 nm) Estimated from TEM image
73 (for Ka = 6.4 KeV) Ref (6)




Fe PFe = (7.8) (20x10o7) (73) 10.71




Both criterion values are less than 0.1 therefore the thin-film approximation is valid.
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12.7.5 Mechanism calculations
A partial differential model was developed to explore the diffusion dynamics
resulting from the interaction between two particles supporting surface deposition and
internal diffusion of carbon. This interaction was modeled by considering a cylindrical
core of a sphere, undergoing a series of different boundary conditions to represent surface
blocking at various times. The model equations are outlined in the following table.
= 
-(7-4) 200----
at D Z 2  (7-4) 2 CO2 CO
initial conditions
CC z
t=0 C=0;dC =0dz dz02 z==L: 2
and C< Cs for all t where Cs is
the saturation concentration.
* Boundary conditions for each scenario are listed below.
1 Null case dC
* Reaction and diffusion z = k[CO] z=OL
at both end surfaces
2 Limiting case dC k[C] 2  dC
* Reaction at one end dt z=O,L dz z=O,L
surface only
- =0 - =0
dt z=0,L dz z=O,L
3 Model case * Fort<to
Reaction on both dCI dC
surfaces initially, dt = k[CO] dz z=O, =a
followed by halting of z=0,L
reaction on one end at * For t >to
to. IC 2 dC
z=k[COt = a; C(z = L) = OIt z=o dz z=o
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The model was solved numerically using an explicit method described by Chapra et
al. (7). The diffusion equation partial derivatives can be described by two expressions:
2C C+ - 2C' + C_ ,
az2 (Az) 2
aC C/l+ - Cil
t At
where 1 represents the time step and i is the space step. Substituting these expressions into
the diffusion equation PDE allows the concentration at space step i and time step 1+1 to
be solved explicitly.
CI+  = C I  + X(C - 2C' + Ci,)
DAt
where X = and At is the time step and Az is the space step. For stability and
1
minimal truncation error it is recommended that A < -. Flux boundary conditions
6
dC
where = a are expressed as C, = Co - aAz.
dz
The model was solved numerically using a Microsoft Excel spreadsheet ('Diffusion
















































































































































































































































































































































































































































































































































































































































































Two reaction mechanisms were considered in this study:
1. Fe 20 3 particle growth in a premixed hydrogen/oxygen/argon flame
(experiment described by Janzen et al. (8)).
2. Fe particle growth in a premixed acetylene/oxygen/argon flame doped with
Fe(CO)5. The flame considered in the current study.
Both mechanisms are reported below in Chemkin format.
332
a
1. Janzen & Roth flame
ELEMENTS
H 0 AR FE
END
SPECIES
H2 02 H 0 OH H02 H202 H20 AR
FE203 B02 B03 B04 B05
B06 B07 B08 B09 B10
B11 B12 B13 B14 B15











































































































































































































































































































































































































































































































































































































































































































































































B11 + B18 =>
B11 + B19 =>














































































































































































































































































B13 + B13 =>
























































































0.9990234375000B21 + 0.0009765625000B22 4.6767628E+014
1.0000000000000B13 2.4179651E+013
0.5000000000000B13 + 0.5000000000000B14 2.6736663E+013
0.7500000000000B14 + 0.2500000000000B15 3.1993190E+013
0.8750000000000B15 + 0.1250000000000B16 4.0803162E+013
0.9375000000000B16 + 0.0625000000000B17 5.4586579E+013
0.9687500000000B17 + 0.0312500000000B18 7.5653463E+013
0.9843750000000B18 + 0.0156250000000B19 1.0769158E+014
0.9921875000000B19 + 0.0078125000000B20 1.5652848E+014
0.9960937500000B20 + 0.0039062500000B21 2.3133936E+014
0.9980468750000B21 + 0.0019531250000B22 3.4656425E+014
1.0000000000000B14 2.7140741E+013
0.5000000000000B14 + 0.5000000000000B15 3.0010890E+013
0.7500000000000B15 + 0.2500000000000B16 3.5911142E+013
0.8750000000000B16 + 0.1250000000000B17 4.5800000E+013
0.9375000000000B17 + 0.0625000000000B18 6.1271363E+013
0.9687500000000B18 + 0.0312500000000B19 8.4918141E+013
0.9843750000000B19 + 0.0156250000000B20 1.2087971E+014
0.9921875000000B20 + 0.0078125000000B21 1.7569728E+014
0.9960937500000B21 + 0.0039062500000B22 2.5966965E+014
1.0000000000000B15 3.0464452E+013
0.5000000000000B15 + 0.5000000000000B16 3.3686085E+013
0.7500000000000B16 + 0.2500000000000B17 4.0308894E+013
0.8750000000000B17 + 0.1250000000000B18 5.1408762E+013
0.93750000000000B18 + 0.0625000000000B19 6.8774780E+013
0.9687500000000B19 + 0.0312500000000B20 9.5317390E+013
0.9843750000000B20 + 0.0156250000000B21 1.3568289E+014
0.9921875000000B21 + 0.0078125000000B22 1.9721353E+014
1.0000000000000B16 3.4195191E+013
0.5000000000000B16 + 0.5000000000000B17 3.7811352E+013
0.7500000000000B17 + 0.2500000000000B18 4.5245204E+013
0.8750000000000B18 + 0.1250000000000B19 5.7704384E+013
0.9375000000000B19 + 0.0625000000000B20 7.7197080E+013
0.9687500000000B20 + 0.0312500000000B21 1.0699015E+014
0.9843750000000B21 + 0.0156250000000B22 1.5229889E+014
1.0000000000000B17 3.8382804E+013
0.5000000000000B17 + 0.5000000000000B18 4.2441808E+013
0.7500000000000B18 + 0.2500000000000B19 5.0786024E+013
0.8750000000000B19 + 0.1250000000000B20 6.4770982E+013
0.9375000000000B20 + 0.0625000000000B21 8.6650793E+013
0.9687500000000B21 + 0.0312500000000B22 1.2009239E+014
1.0000000000000B18 4.3083241E+013
0.5000000000000B18 + 0.50000000000000B19 4.7639318E+013
0.7500000000000B19 + 0.2500000000000B20 5.7005385E+013
0.8750000000000B20 + 0.1250000000000B21 7.2702969E+013
0.9375000000000B21 + 0.0625000000000B22 9.7262226E+013
1.0000000000000B19 4.8359303E+013
0.5000000000000B19 + 0.5000000000000B20 5.3473327E+013
0.7500000000000B20 + 0.2500000000000B21 6.3986381E+013
0.8750000000000B21 + 0.1250000000000B22 8.1606323E+013
1.0000000000000B20 5.4281482E+013
0.5000000000000B20 + 0.5000000000000B21 6.0021780E+013
0.7500000000000B21 + 0.2500000000000B22 7.1822284E+013
1.0000000000000B21 6.0928903E+013



















































































































2. Acetylene/oxygen/argon flame with Fe particle growth (present study)
GRI-MECH3.0 mechanism with Iron pentacarbonyl chemistry added from Rumminger at al.
! GRI-Mech Version 3.0 7/30/99 CHEMKIN-II format
See README30 file at anonymous FTP site unix.sri.com, directory gri;
WorldWideWeb home page http://www.me.berkeley.edu/gri_mech/ or
! through http://www.gri.org , under 'Basic Research',
for additional information, contacts, and disclaimer
ELEMENTS
O H C N AR FE
END
SPECIES
H2 H O 02 OH H20 HO2 H202
C CH CH2 CH2(S) CH3 CH4 CO CO2
HCO CH20 CH20H CH30 CH3OH C2H C2H2 C2H3
C2H4 C2H5 C2H6 HCCO CH2CO HCCOH N NH
NH2 NH3 NNH NO NO2 N20 HNO CN
HCN H2CN HCNN HCNO HOCN HNCO NCO N2
AR C3H7 C3H8 CH2CHO CH3CHO
! Iron species from Rumminger at al.
FE FEO FEOH FEO2H2 FEO2 FEH FEOOH
FECO FEC202 FEC303 FEC404 FEC505
! Coagulation model based on discrete sectional method
!FE
B02 B03 B04 B05
B06 B07 B08 B09 B10
B11 B12 B13 B14 B15
B16 B17 B18 B19 B20
B21 B22 B23 B24
END
REACTIONS
20+M<=>O2+M 1.200E+17 -1.000 .00
H2/ 2.40/ H20/15.40/ CH4/ 2.00/ CO/ 1.75/ CO2/ 3.60/ C2H6/ 3.00/ AR/ .83/
O+H+M<=>OH+M 5.000E+17 -1.000 .00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
O+H2<=>H+OH 3.870E+04 2.700 6260.00
O+HO2<=>OH+O2 2.000E+13 .000 .00
O+H202<=>OH+HO2 9.630E+06 2.000 4000.00
O+CH<=>H+CO 5.700E+13 .000 .00
O+CH2<=>H+HCO 8.000E+13 .000 .00
O+CH2(S)<=>H2+CO 1.500E+13 .000 .00
O+CH2(S)<=>H+HCO 1.500E+13 .000 .00
O+CH3<=>H+CH20 5.060E+13 .000 .00
O+CH4<=>OH+CH3 1.020E+09 1.500 8600.00
O+CO(+M)<=>CO2(+M) 1.800E+10 .000 2385.00
LOW/ 6.020E+14 .000 3000.00/
H2/2.00/ 02/6.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/3.50/ C2H6/3.00/ AR/ .50/
O+HCO<=>OH+CO 3.000E+13 .000 .00
O+HCO<=>H+CO2 3.000E+13 .000 .00
O+CH20<=>OH+HCO 3.900E+13 .000 3540.00
O+CH20H<=>OH+CH20 1.000E+13 .000 .00
O+CH30<=>OH+CH20 1.000E+13 .000 .00
O+CH3OH<=>OH+CH20H 3.880E+05 2.500 3100.00
O+CH3OH<=>OH+CH30 1.300E+05 2.500 5000.00
O+C2H<=>CH+CO 5.000E+13 .000 .00
O+C2H2<=>H+HCCO 1.350E+07 2.000 1900.00
O+C2H2<=>OH+C2H 4.600E+19 -1.410 28950.00
O+C2H2<=>CO+CH2 6.940E+06 2.000 1900.00
O+C2H3<=>H+CH2CO 3.000E+13 .000 .00
O+C2H4<=>CH3+HCO 1.250E+07 1.830 220.00
O+C2H5<=>CH3+CH20 2.240E+13 .000 .00
O+C2H6<=>OH+C2H5 8.980E+07 1.920 5690.00
O+HCCO<=>H+2CO 1.000E+14 .000 .00
O+CH2CO<=>OH+HCCO 1.000E+13 .000 8000.00
O+CH2CO<=>CH2+CO2 1.750E+12 .000 1350.00
02+CO<=>O+CO2 2.500E+12 .000 47800.00
02+CH20<=>HO2+HCO 1.000E+14 .000 40000.00
H+02+M<=>HO2+M 2.800E+18 -.860 .00
02/ .00/ H20/ .00/ CO/ .75/ C02/1.50/ C2H6/1.50/ N2/ .00/ AR/ .00/
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H+202<=>HO2+02 2.080E+19 -1.240 .00
H+O2+H20<=>HO2+H20 11.26E+18 -. 760 .00
H+O2+N2<=>HO2+N2 2.600E+19 -1.240 .00
H+O2+AR<=>HO2+AR 7.000E+17 -. 800 .00
H+O2<=>O+OH 2.650E+16 -. 6707 17041.00
2H+M<=>H2+M 1.000E+18 -1.000 .00
H2/ .00/ H20/ .00/ CH4/2.00/ CO2/ .00/ C2H6/3.00/ AR/ .63/
2H+H2<=>2H2 9.000E+16 -. 600 .00
2H+H20<=>H2+H20 6.000E+19 -1.250 .00
2H+CO2<=>H2+CO2 5.500E+20 -2.000 .00
H+OH+M<=>H20+M 2.200E+22 -2.000 .00
H2/ .73/ H20/3.65/ CH4/2.00/ C2H6/3.00/ AR/ .38/
H+HO2<=>O+H20 3.970E+12 .000 671.00
H+HO2<=>02+H2 4.480E+13 .000 1068.00
H+HO2<=>20H 0.840E+14 .000 635.00
H+H202<=>HO2+H2 1.210E+07 2.000 5200.00
H+H202<=>OH+H20 1.000E+13 .000 3600.00
H+CH<=>C+H2 1.650E+14 .000 .00
H+CH2(+M)<=>CH3(+M) 6.000E+14 .000 .00
LOW / 1.040E+26 -2.760 1600.00/
TROE/ .5620 91.00 5836.00 8552.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+CH2(S)<=>CH+H2 3.000E+13 .000 .00
H+CH3(+M)<=>CH4(+M) 13.90E+15 -.534 536.00
LOW / 2.620E+33 -4.760 2440.00/
TROE/ .7830 74.00 2941.00 6964.00 /
H2/2.00/ H20/6.00/ CH4/3.00/ CO/1.50/ CO02/2.00/ C2H6/3.00/ AR/ .70/
H+CH4<=>CH3+H2 6.600E+08 1.620 10840.00
H+HCO(+M)<=>CH20(+M) 1.090E+12 .480 -260.00
LOW / 2.470E+24 -2.570 425.00/
TROE/ .7824 271.00 2755.00 6570.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
H+HCO<=>H2+CO 7.340E+13 .000 .00
H+CH20(+M)<=>CH20H(+M) 5.400E+11 .454 3600.00
LOW / 1.270E+32 -4.820 6530.00/
TROE/ .7187 103.00 1291.00 4160.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
H+CH20(+M)<=>CH30(+M) 5.400E+11 .454 2600.00
LOW / 2.200E+30 -4.800 5560.00/
TROE/ .7580 94.00 1555.00 4200.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
H+CH20<=>HCO+H2 5.740E+07 1.900 2742.00
H+CH20H(+M)<=>CH30H(+M) 1.055E+12 .500 86.00
LOW / 4.360E+31 -4.650 5080.00/
TROE/ .600 100.00 90000.0 10000.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
H+CH20H<=>H2+CH20 2.000E+13 .000 .00
H+CH20H<=>OH+CH3 1.650E+11 .650 -284.00
H+CH20H<=>CH2(S)+H20 3.280E+13 -.090 610.00
H+CH30(+M)<=>CH30H(+M) 2.430E+12 .515 50.00
LOW / 4.660E+41 -7.440 14080.0/
TROE/ .700 100.00 90000.0 10000.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
H+CH30<=>H+CH20H 4.150E+07 1.630 1924.00
H+CH30<=>H2+CH20 2.000E+13 .000 .00
H+CH30<=>OH+CH3 1.500E+12 .500 -110.00
H+CH30<=>CH2(S)+H20 2.620E+14 -.230 1070.00
H+CH30H<=>CH20H+H2 1.700E+07 2.100 4870.00
H+CH30H<=>CH30+H2 4.200E+06 2.100 4870.00
H+C2H(+M)<=>C2H2(+M) 1.000E+17 -1.000 .00
LOW / 3.750E+33 -4.800 1900.00/
TROE/ .6464 132.00 1315.00 5566.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H2(+M)<=>C2H3(+M) 5.600E+12 .000 2400.00
LOW / 3.800E+40 -7.270 7220.00/
TROE/ .7507 98.50 1302.00 4167.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO02/2.00/ C2H6/3.00/ AR/ .70/
H+C2H3(+M)<=>C2H4(+M) 6.080E+12 .270 280.00
LOW / 1.400E+30 -3.860 3320.00/
TROE/ .7820 207.50 2663.00 6095.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
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H+C2H3<=>H2+C2H2 3.000E+13 .000 .00
H+C2H4(+M)<=>C2H5(+M) 0.540E+12 .454 1820.00
LOW / 0.600E+42 -7.620 6970.00/
TROE/ .9753 210.00 984.00 4374.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H4<=>C2H3+H2 1.325E+06 2.530 12240.00
H+C2H5(+M)<=>C2H6(+M) 5.210E+17 -.990 1580.00
LOW / 1.990E+41 -7.080 6685.00/
TROE/ .8422 125.00 2219.00 6882.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H5<=>H2+C2H4 2.000E+12 .000 .00
H+C2H6<=>C2H5+H2 1.150E+08 1.900 7530.00
H+HCCO<=>CH2(S)+CO 1.000E+14 .000 .00
H+CH2CO<=>HCCO+H2 5.000E+13 .000 8000.00
H+CH2CO<=>CH3+CO 1.130E+13 .000 3428.00
H+HCCOH<=>H+CH2CO 1.000E+13 .000 .00
H2+CO(+M)<=>CH20(+M) 4.300E+07 1.500 79600.00
LOW / 5.070E+27 
-3.420 84350.00/
TROE/ .9320 197.00 1540.00 10300.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
OH+H2<=>H+H20 2.160E+08 1.510 3430.00
20H(+M)<=>H202(+M) 7.400E+13 -.370 .00
LOW / 2.300E+18 -. 900 -1700.00/
TROE/ .7346 94.00 1756.00 5182.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
20H<=>O+H20 3.570E+04 2.400 -2110.00
OH+HO2<=>O2+H20 1.450E+13 .000 -500.00
DUPLICATE
OH+H202<=>HO2+H20 2.000E+12 .000 427.00
DUPLICATE
OH+H202<=>HO2+H20 1.700E+18 .000 29410.00
DUPLICATE
OH+C<=>H+CO 5.000E+13 .000 .00
OH+CH<=>H+HCO 3.000E+13 .000 .00
OH+CH2<=>H+CH20 2.000E+13 .000 .00
OH+CH2<=>CH+H20 1.130E+07 2.000 3000.00
OH+CH2(S)<=>H+CH20 3.000E+13 .000 .00
OH+CH3(+M)<=>CH30H(+M) 2.790E+18 -1.430 1330.00
LOW / 4.000E+36 -5.920 3140.00/
TROE/ .4120 195.0 5900.00 6394.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
OH+CH3<=>CH2+H20 5.600E+07 1.600 5420.00
OH+CH3<=>CH2(S)+H20 6.440E+17 -1.340 1417.00
OH+CH4<=>CH3+H20 1.000E+08 1.600 3120.00
OH+CO<=>H+CO2 4.760E+07 1.228 70.00
OH+HCO<=>H20+CO 5.000E+13 .000 .00
OH+CH20<=>HCO+H20 3.430E+09 1.180 -447.00
OH+CH2OH<=>H20+CH20 5.000E+12 .000 .00
OH+CH30<=>H20+CH20 5.000E+12 .000 .00
OH+CH30H<=>CH20H+H20 1.440E+06 2.000 -840.00
OH+CH30H<=>CH30+H20 6.300E+06 2.000 1500.00
OH+C2H<=>H+HCCO 2.000E+13 .000 .00
OH+C2H2<=>H+CH2CO 2.180E-04 4.500 -1000.00
OH+C2H2<=>H+HCCOH 5.040E+05 2.300 13500.00
OH+C2H2<=>C2H+H20 3.370E+07 2.000 14000.00
OH+C2H2<=>CH3+CO 4.830E-04 4.000 -2000.00
OH+C2H3<=>H20+C2H2 5.000E+12 .000 .00
OH+C2H4<=>C2H3+H20 3.600E+06 2.000 2500.00
OH+C2H6<=>C2H5+H20 3.540E+06 2.120 870.00
OH+CH2CO<=>HCCO+H20 7.500E+12 .000 2000.00
2HO2<=>O2+H202 1.300E+11 .000 -1630.00
DUPLICATE
2HO2<=>O2+H202 4.200E+14 .000 12000.00
DUPLICATE
HO2+CH2<=>OH+CH20 2.000E+13 .000 .00
HO2+CH3<=>O2+CH4 1.000E+12 .000 .00
HO2+CH3<=>OH+CH30 3.780E+13 .000 .00
HO2+CO<=>OH+CO2 1.500E+14 .000 23600.00
HO2+CH20<=>HCO+H202 5.600E+06 2.000 12000.00
C+O2<=>O+CO 5.800E+13 .000 576.00
C+CH2<=>H+C2H 5.000E+13 .000 .00
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C+CH3<=>H+C2H2 5.000E+13 .000 .00
CH+02<=>O+HCO 6.710E+13 .000 .00
CH+H2<=>H+CH2 1.080E+14 .000 3110.00
CH+H20<=>H+CH20 5.710E+12 .000 -755.00
CH+CH2<=>H+C2H2 4.000E+13 .000 .00
CH+CH3<=>H+C2H3 3.000E+13 .000 .00
CH+CH4<=>H+C2H4 6.000E+13 .000 .00
CH+CO(+M)<=>HCCO(+M) 5.000E+13 .000 .00
LOW / 2.690E+28 
-3.740 1936.00/
TROE/ .5757 237.00 1652.00 5069.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
CH+CO2<=>HCO+CO 1.900E+14 .000 15792.00
CH+CH20<=>H+CH2CO 9.460E+13 .000 -515.00
CH+HCCO<=>CO+C2H2 5.000E+13 .000 .00
CH2+02=>OH+H+CO 5.000E+12 .000 1500.00
CH2+H2<=>H+CH3 5.000E+05 2.000 7230.00
2CH2<=>H2+C2H2 1.600E+15 .000 11944.00
CH2+CH3<=>H+C2H4 4.000E+13 .000 .00
CH2+CH4<=>2CH3 2.460E+06 2.000 8270.00
CH2+CO(+M)<=>CH2CO(+M) 8.100E+11 .500 4510.00
LOW / 2.690E+33 -5.110 7095.00/
TROE/ .5907 275.00 1226.00 5185.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
CH2+HCCO<=>C2H3+CO 3.000E+13 .000 .00
CH2(S)+N2<=>CH2+N2 1.500E+13 .000 600.00
CH2(S)+AR<=>CH2+AR 9.000E+12 .000 600.00
CH2(S)+O2<=>H+OH+CO 2.800E+13 .000 .00
CH2(S)+O2<=>CO+H20 1.200E+13 .000 .00
CH2(S)+H2<=>CH3+H 7.000E+13 .000 .00
CH2(S)+H20(+M)<=>CH3OH(+M) 4.820E+17 -1.160 1145.00
LOW / 1.880E+38 -6.360 5040.00/
TROE/ .6027 208.00 3922.00 10180.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/
CH2(S)+H20<=>CH2+H20 3.000E+13 .000 .00
CH2(S)+CH3<=>H+C2H4 1.200E+13 .000 -570.00
CH2(S)+CH4<=>2CH3 1.600E+13 .000 -570.00
CH2(S)+CO<=>CH2+CO 9.000E+12 .000 .00
CH2(S)+CO2<=>CH2+CO2 7.000E+12 .000 .00
CH2(S)+CO2<=>CO+CH20 1.400E+13 .000 .00
CH2(S)+C2H6<=>CH3+C2H5 4.000E+13 .000 -550.00
CH3+O2<=>O+CH30 3.560E+13 .000 30480.00
CH3+O2<=>OH+CH20 2.310E+12 .000 20315.00
CH3+H202<=>HO2+CH4 2.450E+04 2.470 5180.00
2CH3(+M)<=>C2H6(+M) 6.770E+16 -1.180 654.00
LOW / 3.400E+41 -7.030 2762.00/
TROE/ .6190 73.20 1180.00 9999.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
2CH3<=>H+C2H5 6.840E+12 .100 10600.00
CH3+HCO<=>CH4+CO 2.648E+13 .000 .00
CH3+CH20<=>HCO+CH4 3.320E+03 2.810 5860.00
CH3+CH30H<=>CH20H+CH4 3.000E+07 1.500 9940.00
CH3+CH30H<=>CH30+CH4 1.000E+07 1.500 9940.00
CH3+C2H4<=>C2H3+CH4 2.270E+05 2.000 9200.00
CH3+C2H6<=>C2H5+CH4 6.140E+06 1.740 10450.00
HCO+H20<=>H+CO+H20 1.500E+18 -1.000 17000.00
HCO+M<=>H+CO+M 1.870E+17 -1.000 17000.00
H2/2.00/ H20/ .00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
HCO+O2<=>HO2+CO 13.45E+12 .000 400.00
CH20H+O2<=>HO2+CH20 1.800E+13 .000 900.00
CH30+O2<=>HO2+CH20 4.280E-13 7.600 -3530.00
C2H+O2<=>HCO+CO 1.000E+13 .000 -755.00
C2H+H2<=>H+C2H2 5.680E+10 0.900 1993.00
C2H3+O2<=>HCO+CH20 4.580E+16 -1.390 1015.00
C2H4(+M)<=>H2+C2H2(+M) 8.000E+12 .440 86770.00
LOW / 1.580E+51 -9.300 97800.00/
TROE/ .7345 180.00 1035.00 5417.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
C2H5+O2<=>HO2+C2H4 8.400E+11 .000 3875.00
HCCO+O2<=>OH+2CO 3.200E+12 .000 854.00
2HCCO<=>2CO+C2H2 1.000E+13 .000 .00
N+NO<=>N2+0 2.700E+13 .000 355.00
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N+O2<=>NO+O 9.000E+09 1.000 6500.00
N+OH<=>NO+H 3.360E+13 .000 385.00
N20+O<=>N2+O2 1.400E+12 .000 10810.00
N20+O<=>2NO 2.900E+13 .000 23150.00
N20+H<=>N2+OH 3.870E+14 .000 18880.00
N20+OH<=>N2+HO2 2.000E+12 .000 21060.00
N20(+M)<=>N2+O(+M) 7.910E+10 .000 56020.00
LOW / 6.370E+14 .000 56640.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .625/
HO2+NO<=>NO2+OH 2.110E+12 .000 -480.00
NO+O+M<=>NO2+M 1.060E+20 
-1.410 .00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
NO2+O<=>NO+02 3.900E+12 .000 -240.00
N02+H<=>NO+OH 1.320E+14 .000 360.00
NH+O<=>NO+H 4.000E+13 .000 .00
NH+H<=>N+H2 3.200E+13 .000 330.00
NH+OH<=>HNO+H 2.000E+13 .000 .00
NH+OH<=>N+H20 2.000E+09 1.200 .00
NH+O2<=>HNO+O 4.610E+05 2.000 6500.00
NH+O2<=>NO+OH 1.280E+06 1.500 100.00
NH+N<=>N2+H 1.500E+13 .000 .00
NH+H20<=>HNO+H2 2.000E+13 .000 13850.00
NH+NO<=>N2+OH 2.160E+13 -. 230 .00
NH+NO<=>N20+H 3.650E+14 
-.450 .00
NH2+0<=>OH+NH 3.000E+12 .000 .00
NH2+0<=>H+HNO 3.900E+13 .000 .00
NH2+H<=>NH+H2 4.000E+13 .000 3650.00
NH2+OH<=>NH+H20 9.000E+07 1.500 
-460.00
NNH<=>N2+H 3.300E+08 .000 .00
NNH+M<=>N2+H+M 1.300E+14 -.110 4980.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
NNH+02<=>HO2+N2 5.000E+12 .000 .00
NNH+O<=>OH+N2 2.500E+13 .000 .00
NNH+O<=>NH+NO 7.000E+13 .000 .00
NNH+H<=>H2+N2 5.000E+13 .000 .00
NNH+OH<=>H20+N2 2.000E+13 .000 .00
NNH+CH3<=>CH4+N2 2.500E+13 .000 .00
H+NO+M<=>HNO+M 4.480E+19 -1.320 740.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
HNO+O<=>NO+OH 2.500E+13 .000 .00
HNO+H<=>H2+NO 9.000E+11 .720 660.00
HNO+OH<=>NO+H20 1.300E+07 1.900 -950.00
HNO+O2<=>HO2+NO 1.000E+13 .000 13000.00
CN+O<=>CO+N 7.700E+13 .000 .00
CN+OH<=>NCO+H 4.000E+13 .000 .00
CN+H20<=>HCN+OH 8.000E+12 .000 7460.00
CN+O2<=>NCO+O 6.140E+12 .000 -440.00
CN+H2<=>HCN+H 2.950E+05 2.450 2240.00
NCO+O<=>NO+CO 2.350E+13 .000 .00
NCO+H<=>NH+CO 5.400E+13 .000 .00
NCO+OH<=>NO+H+CO 0.250E+13 .000 .00
NCO+N<=>N2+CO 2.000E+13 .000 .00
NCO+O2<=>NO+CO2 2.000E+12 .000 20000.00
NCO+M<=>N+CO+M 3.100E+14 .000 54050.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
NCO+NO<=>N20+CO 1.900E+17 -1.520 740.00
NCO+NO<=>N2+CO2 3.800E+18 -2.000 800.00
HCN+M<=>H+CN+M 1.040E+29 -3.300 126600.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
HCN+O<=>NCO+H 2.030E+04 2.640 4980.00
HCN+O<=>NH+CO 5.070E+03 2.640 4980.00
HCN+O<=>CN+OH 3.910E+09 1.580 26600.00
HCN+OH<=>HOCN+H 1.100E+06 2.030 13370.00
HCN+OH<=>HNCO+H 4.400E+03 2.260 6400.00
HCN+OH<=>NH2+CO 1.600E+02 2.560 9000.00
H+HCN(+M)<=>H2CN(+M) 3.300E+13 .000 .00
LOW / 1.400E+26 -3.400 1900.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
H2CN+N<=>N2+CH2 6.000E+13 .000 400.00
C+N2<=>CN+N 6.300E+13 .000 46020.00
CH+N2<=>HCN+N 3.120E+09 0.880 20130.00
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CH+N2(+M)<=>HCNN(+M) 3.100E+12
LOW / 1.300E+25 
-3.160 740.00/
TROE/ .6670 235.00 2117.00 4536.00 /



















































LOW/ 4.820E+25 -2.80 590.0 /
TROE/ .578 122.0 2535.0 9365.0 /

















































































































































H+CH2CO(+M)<=>CH2CHO(+M) 4.865E+11 0.422 -1755.00
LOW/ 1.012E+42 -7.63 3854.0/
TROE/ 0.465 201.0 1773.0 5333.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
O+CH2CHO=>H+CH2+CO2 1.500E+14 .000 .00
02+CH2CHO=>OH+CO+CH20 1.810E+10 .000 .00
02+CH2CHO=>OH+2HCO 2.350E+10 .000 .00
H+CH2CHO<=>CH3+HCO 2.200E+13 .000 .00
H+CH2CHO<=>CH2CO+H2 1.100E+13 .000 .00
OH+CH2CHO<=>H20+CH2CO 1.200E+13 .000 .00
OH+CH2CHO<=>HCO+CH20H 3.010E+13 .000 .00
CH3+C2H5(+M)<=>C3H8(+M) .9430E+13 .000 .00
LOW/ 2.710E+74 -16.82 13065.0 /
TROE/ .1527 291.0 2742.0 7748.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
O+C3H8<=>OH+C3H7 1.930E+05 2.680 3716.00
H+C3H8<=>C3H7+H2 1.320E+06 2.540 6756.00
OH+C3H8<=>C3H7+H20 3.160E+07 1.800 934.00
C3H7+H202<=>HO2+C3H8 3.780E+02 2.720 1500.00
CH3+C3H8<=>C3H7+CH4 0.903E+00 3.650 7154.00
CH3+C2H4(+M)<=>C3H7(+M) 2.550E+06 1.600 5700.00
LOW/ 3.00E+63 -14.6 18170./
TROE/ .1894 277.0 8748.0 7891.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
O+C3H7<=>C2H5+CH20 9.640E+13 .000 .00
H+C3H7(+M)<=>C3H8(+M) 3.613E+13 .000 .00
LOW/ 4.420E+61 -13.545 11357.0/
TROE/ .315 369.0 3285.0 6667.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/ AR/ .70/
H+C3H7<=>CH3+C2H5 4.060E+06 2.190 890.00
OH+C3H7<=>C2H5+CH20H 2.410E+13 .000 .00
HO2+C3H7<=>O2+C3H8 2.550E+10 0.255 -943.00
H02+C3H7=>OH+C2H5+CH20 2.410E+13 .000 .00
CH3+C3H7<=>2C2H5 1.927E+13 -0.320 .00
! Chemical mechanism for inhibition of flames by iron pentacarbonyl
For details, see Rumminger, M. D., Reinelt, D., Babushok, V., and
Linteris, G. T. "Numerical Study of the Inhibition of Premixed
and Diffusion Flames by Iron Pentacarbonyl", Combustion and Flame
116(1-2) 207-219.
UPDATES:
5/17/99 Improved thermodynamic data and reactions for FeOOH (from
calculations by Kellogg and Irikura, JPC 103(8), 1999.)
! See CHEMKIN-II manuals for description of mechanism and thermodynamic data
syntax, etc.
References for thermodynamic data:
Fe(CO)5 data from Chase, M.W., Jr.; Davies, C.A.; Downey, J.R.,
Jr.; Frurip, D.J.; McDonald, R.A.; Syverud, A.N., JANAF Thermochemical
Tables (Third Edition), J. Phys. Chem. Ref. Data, Suppl. 1, 1985, 14,
1-1856.
Some of the data for FeOOH based on calculations by Kellogg, C.B.,
and Irikura, K.K., JOURNAL OF PHYSICAL CHEMISTRY A 103: (8) 1150-1159
(1999)
Data for Fe, FeO, FeO2, FeOH, Fe(OH)2, FeOOH from Gurvich, L.V.,
Veyts, I.V., Alcock, C.B. (Eds.), Thermodynamic Properties of
Individual Substances, 3rd Edition, Nauka, Moscow, 1978-1982. (NIST
Special Database 5. IVTANTERMO-PC, NIST, Gaithersburg, MD 20899)
! Data for FeH from Gmelin Handbook of Inorganic and Organometallic
! Chemistry (8th Edition). Fe. Supplement Vol. Bl, Springer-Verlag,
! New York, 1991, p. 46.
343
References listed at the end of the file.
e = estimated (see paper for details about estimation process)
b 
-Ea
k = A T exp ( -
RT
Units for k are cm, mole, s
Units Ea are cal/mol
FEC505 => FEC404 + CO
FEC404 + CO => FEC505
FEC404 => FEC303 + CO
FEC303 + CO => FEC404
FEC303 => FEC202 + CO
FEC202 + CO => FEC303
FEC202 => FECO + CO
FECO + CO => FEC202
FECO + M => FE + CO + M
FE + CO +M => FECO + M













!********* Fe atom reactions ***********
FE + O + M = FEO + M
FE + OH + M = FEOH + M
FE + H + M = FEH + M
FE + 02 = FEO +0
FE + 02 (+ M) = FEO2 (+ M)







!********* FeO reactions ***********
FEO + O + M = FEO2 + M 1.E16
FEO + H + M = FEOH + M 1.E17
FEO + OH + M = FEOOH + M 5.E17
FEO + H20 = FEO2H2 1.626E13
FEO + H = FE + OH 1.E14
FEO + CH3 = FE + CH30 1.E14
FEO + H2 = FE + H20 1.0E13
********** FeO2 reactions **********
FEO2 + H + M = FEOOH + M 1.E17
FEO2 + H = FEO + OH
FEO2 + OH = FEOH + 02



















































********** FeOH reactions **********
FEOH + 0 +M = FEOOH +M 1.E18
FEOH + OH = FEO2H2
FEOH + OH = FEO + H20
FEOH + 0 = FE + HO2
FEOH + O = FEO + OH
FEOH + CH3 = FEO + CH4
FEOH + H = FE + H20
FEOH + H = FEO + H2
********** FeO(OH) reactions
FEOOH+H+M=FEO2H2+M
FEOOH + CH3 = FEO + CH3OH
FEOOH + H = FEO + H20
FEOOH + H = FEO2 + H2
FEOOH + H = FEOH + OH
FEOOH + OH = FEOH + HO2
FEOOH + OH = FEO2 + H20
FEOOH + O = FEOH + 02
FEOOH + O = FEO + HO2

































































!********** Fe(OH)2 reactions **********
FEO2H2 + H = FEOH + H20 1.99E14 0. 600. ! [9] (see note)
FEO2H2 + OH = FEOOH + H20 1.E13 0. 18000. ! e
FEO2H2 + CH3 = FEOH + CH30H 1.E13 0. 23000. ! e
********** FeH reactions **********
FEH + O + M = FEOH + M 1.E15 0. 0. ! e
FEH + 02 + M = FEOOH + M 1.E15 0. 0. ! e
FEH + 02 = FEOH + O 1.E14 0. 10000. ! e
FEH + H = FE + H2 5.E13 0. 0. ! e
FEH + O = FE + OH 1.E14 0. 0. ! e
FEH + OH = FE + H20 1.E14 0. 0. ! e
FEH + CH3 = CH4 + FE 1.E14 0. 0. ! e
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in Flames by Iron", J. Chem. Phys. 60: 3421 (1974).
[10] Jensen, D.E., "Condensation modeling for highly supersaturated
vapours: application to iron", J. Chem. Soc. Faraday Trans. II 76:
1494 (1980).
NOTE
original recommended pre-exponentials for
FEO + H20 = FEO2H2 5.40E+12
FEOH + H = FEO + H2 3.00E+13
FEO2H2 + H = FEOH + H20 6.60E+13
(see paper for explanation and discussion)
i Coagulation reactions
FE + FE => 1.0000000000000B02 1.6281818E+012 0.5 0.0
FE + B02 => 0.5000000000000B02 + 0.5000000000000B03 1.8003630E+012 0.5 0.0
FE + B03 => 0.7500000000000B03 + 0.2500000000000B04 2.1543210E+012 0.5 0.0
FE + B04 => 0.8750000000000B04 + 0.1250000000000B05 2.7475568E+012 0.5 0.0
FE + B05 => 0.9375000000000B05 + 0.0625000000000B06 3.6756889E+012 0.5 0.0
FE + B06 => 0.9687500000000B06 + 0.0312500000000B07 5.0942667E+012 0.5 0.0
FE + B07 => 0.9843750000000B07 + 0.0156250000000B08 7.2516128E+012 0.5 0.0
FE + B08 => 0.9921875000000B08 + 0.0078125000000B09 1.0540137E+013 0.5 0.0
FE + B09 => 0.9960937500000B09 + 0.0039062500000B10 1.5577666E+013 0.5 0.0
FE + B10 => 0.9980468750000B10 + 0.0019531250000B11 2.3336549E+013 0.5 0.0
FE + B11 => 0.9990234375000B11 + 0.0009765625000B12 3.5348409E+013 0.5 0.0
FE + B12 => 0.9995117187500B12 + 0.0004882812500B13 5.4028742E+013 0.5 0.0
345
FE + B13 => 0.9997558593750B13
FE + B14 => 0.9998779296875B14
FE + B15 => 0.9999389648438B15
FE + B16 => 0.9999694824219B16
FE + B17 => 0.9999847412109B17
FE + B18 => 0.9999923706055B18
FE + B19 => 0.9999961853027B19
FE + B20 => 0.9999980926514B20
FE + B21 => 0.9999990463257B21
FE + B22 => 0.9999995231628B22
FE + B23 => 0.9999997615814B23
B02 + B02 => 1.0000000000000B03
B02 + B03 => 0.5000000000000B03
B02 + B04 => 0.7500000000000B04
B02 + B05 => 0.8750000000000B05
B02 + B06 => 0.9375000000000B06
B02 + B07 => 0.9687500000000B07
B02 + B08 => 0.9843750000000B08
B02 + B09 => 0.9921875000000B09
B02 + B10 => 0.9960937500000B10
B02 + B11 => 0.9980468750000B11
B02 + B12 => 0.9990234375000B12
B02 + B13 => 0.9995117187500B13
B02 + B14 => 0.9997558593750B14
B02 + B15 => 0.9998779296875B15
B02 + B16 => 0.9999389648438B16
B02 + B17 => 0.9999694824219B17
B02 + B18 => 0.9999847412109B18
B02 + B19 => 0.9999923706055B19
B02 + B20 => 0.9999961853027B20
B02 + B21 => 0.9999980926514B21
B02 + B22 => 0.9999990463257B22
B02 + B23 => 0.9999995231628B23
B03 + B03 => 1.0000000000000B04
B03 + B04 => 0.5000000000000B04
B03 + B05 => 0.7500000000000B05
B03 + B06 => 0.8750000000000B06
B03 + B07 => 0.9375000000000B07
B03 + B08 => 0.9687500000000B08
B03 + B09 => 0.9843750000000B09
B03 + B10 => 0.9921875000000B10
B03 + B11 => 0.9960937500000B11
B03 + B12 => 0.9980468750000B12
B03 + B13 => 0.9990234375000B13
B03 + B14 => 0.9995117187500B14
B03 + B15 => 0.9997558593750B15
B03 + B16 => 0.9998779296875B16
B03 + B17 => 0.9999389648438B17
B03 + B18 => 0.9999694824219B18
B03 + B19 => 0.9999847412109B19
B03 + B20 => 0.9999923706055B20
B03 + B21 => 0.9999961853027B21
B03 + B22 => 0.9999980926514B22
B03 + B23 => 0.9999990463257B23
B04 + B04 => 1.0000000000000B05
B04 + B05 => 0.5000000000000B05
B04 + B06 => 0.7500000000000B06
B04 + B07 => 0.8750000000000B07
B04 + B08 => 0.9375000000000B08
B04 + B09 => 0.9687500000000B09
B04 + B10 => 0.9843750000000B10
B04 + B11 => 0.9921875000000B11
B04 + B12 => 0.9960937500000B12
B04 + B13 => 0.9980468750000B13
B04 + B14 => 0.9990234375000B14
B04 + B15 => 0.9995117187500B15
B04 + B16 => 0.9997558593750B16
B04 + B17 => 0.9998779296875B17
B04 + B18 => 0.9999389648438B18
B04 + B19 => 0.9999694824219B19










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A preliminary economic analysis of nanotube material production cost was
performed based on the operational costs derived from reactants. The reactant
consumption rates are derived from the acetylene/oxygen/argon flame (P = 50 Torr, v =
30 cm/s) with 6100 ppm Fe(CO) 5 addition. The production rate of nanotubes is estimated
from the yield calculations described in Chapter 5.
Costs of reactant gases were obtained from the BOC catalogue (MIT) (9) and the
cost of Fe(CO) 5 was estimated from the AlfaAesar catalogue (10). The current
commercial price of single-walled nanotubes was sourced from CarboLex (11).
The cost estimates are summarized in the table below:
Material description $/g $/lb
* Flame generated (unoptimized - present study) $6.80 $3,100
* Flame generated (estimate for improved process)' $0.01 $3
* Commercial SWNT2  $60 $27,000
1. Estimate based on 10% of experimental system operational costs & 100x production improvement.
2. CarboLex AP single-walled nanotubes, 50-70 vol% purity (11).




__ _ I 
_--_-~--C _
PRELIMINARY NANOTUBE ECONOMICS
species mol/s IM I /s ft I 1 $/h
C2H2 0.000873 26 0.022698 81.7128 $0.021 $1.73755
02 0.001273 32 0.040736 146.6496 $0.003 $0.40501
Ar 0.00039 40 0.0156 56.16 $0.005 $0 30707
Fe(CO)5 1.66E-05 196 0.0032536 11.71296 $0.283 $3.31243
Total 0.0822876 296.23536 TOTAL $5.76205
industrial prices estimate (1/10th) t
From MIT BOC cataloaue
Grade Cyi size T (NTP) lcl T (K I V (m3) (NTP) (Pal P (Pa) I M Im () $ $/q
C2H2 Atomic abdorption grade 2.6 4 20 293 2.77 101325 13800000 26 2995.7 $63.70 $0.0213
02 Extra dry 2.6 200 20 293 6.82 101325 13800000 32 9077.6 $25.07 $0.0028
Ar UHP 5 300 20 293 9.37 101325 13800000 40 15589.7 $85.24 $0.0055
From Alfa Aesar catalogue
IFe(CO)5 99.5% purity 250 $70.70 $0.2828
Production ps eih V' $Ab
NT as produced 0.000236 0.8496 $61.782 $3,076.3
if purified (10% by wt) 0.0000236 0.08496 $67.821 $30,763.0
if increased production of nanotubes x100 (increase Fe203) 0.0236 84.96 0.068 $30.8
if industrial gas prices & 100x increase in NT prod 0.0236 84.96 $0.007 $3.1
I $/ $/b
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